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Abstract 
Garnet is an uncommon accessory mineral in igneous rocks but is peuologi.cally significant ThePen6n Rosado granite (469± 4 Ma) 
at Cerro Asperecito is an S-type granite that contains an unusual amount of magmatic garnet Combined petrology, chemistry! 
mineralogy and whole-rock geochemistry indicates that the magma was produced by p artial melting of the surrounding 
metasedimentary rocks and subsequent differentiation by fractional crystallization during emplacement, with garnet occurring 
throughout the crystallization sequence, Three facies are recognised: PRG1 (Si02=65,70%) represents cumulates, PRG2 
(Si02 = 70, 88%) represents a differentiated melt, and PRG3 (Si02 =74,59"10) a residual melt The fractionation of Mn in garnet and 
the proportion 0 f garnet crystallizing are roughly controlled by the evolving composition of the different granitic facies, Geothermobaric 
calculations reveal an initial crystallization temperature 0 f7 640 -792 ° C and a pressure of 5,9-6,0 kb, indicating that the parental magma 
was emplaced at middle crustal depths (� 19-20 km) in moderate-low magmatic temperature conditions, Major (CaO, Na20, K20) and 
trace element (Rb, Sr, Ba) contents in the Pen6n Rosado granite strongly suggest anatexis was the outcome ofH20-fluxed melting of 
metagreywacke, with heat input from a major metaluminous suite, Our studies reveal that garnet fo=ed by direct crystallization from 
peraluminous magma in equilibrium with solid phases such as biotite and white mica We confrrm previous suggestions that zoning in 
garnet is strongly temperature-dependent Thus, magmatic garnets in granitic rocks crystallized above � 700 °C have "spessartine 
inverse bell-shaped profile" or are unzoned, whereas garnet exhibiting "spessartine bell-shaped profile" must be considered of 
metamorphic origin (i,e" xenocrystic) or fo=ed in very felsic magmas (Si02=73-76%) crystallizing below � 700 0C, 
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1. Introduction 
Igneous gamet mostly occurs in pegma tites and aplite 
dykes (e_g_, Leake, 1967; Manning, 1983; Deer et aL, 
1992), although its occurren ce is also rep orted in some 
felsic to very felsic (i.e., Si01270%) pemluminous 
granitoids (e.g., Leake, 1967; AJlan and Clarke, 1981; 
Mi 11 er and Stoddard, 1981; du Bray, 1988; Hogan, 1996; 
Kebede et aL, 2001). Magmatic garnet is uncommon, but 
can help constrain host granitoid petrogenesis (du Bray, 
1988) as well as being a useful geothermobarometry. 
In this paper, we assess the petrography, mineral 
chemistry, bulk major and trace element composition, 
isotope ratios, and geochronology of the Pe:fion Rosado 
granite, which contains an unusual amount of garnet 
formed at various stages during crystallization (silica 
mnge 65.70 74.59%). Remarkably, the presence of 
garnet in granitic rocks of intermediate composition 
(Si01 � 65.70%) is rare. Our study contributes to under­
standing granitic rocks of intermediate composition that 
house magmatic garnet and explain the occurrence of 
garnet throughout the crystallization sequence. We 
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explore factors such as the origin of magmatic garnet, 
its zoning pattern, the source, initial pressure and tem­
perature, and compositional evolution of the host magma 
and the ovemll petrogenetic process. 
2. Geological setting 
The Sierras Pampeanas of NW Argentina are moun­
tainous ranges, composed of metamorphic rocks intruded 
by diverse Palaeozoic igneous rocks, elevated since the 
Miocene by compressional (Andean) tectonics (e.g., 
Jordan and AlImendiger, 1986) (Fig. 1). The igneous 
rocks were generated in three main orogenic events: (a) 
Pampean (latest Neoproterozoic to Mid-C ambri an) , (b) 
Famatinian (Early to Mid-Ordovician), and (c) Achalian 
(Late Devonian to Early Carboniferous) (Rapela et aL, 
1998a,b; Pankhurst et aL, 1998; Sims et aL, 1998; 
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Fig. L Simplified geological map of Cerro Asperecito and the Peiion Rosado granite. Main inset shows location of the studied region in NW 
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Dahlquist et al., 2005a). This study focuses on Famatinian 
granitoids at Cerro Asperecito in the westerrnnost region 
of the Famatinian orogen, close to the hypothetical suture 
between two terranes resulting from Middle Ordovician 
accretion (Thomas and Astini, 1996; Dalziel, 1997; 
Rapela et al., 1998b; Casquet et al., 2001). 
The dominant plutonic rocks in this region belong to 
a metaluminous suite (95% of the granitic rocks at Cerro 
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Fig. 2. Geological cross-section of the Pefion Rosado granite (pRG), showing the different lithological facies. The real size of the dykes as well as the 
real size ofPRGl housed in PRG2 have been magnified for its inclusion in the map. 
Asperecito, Fig. 2), which range in composition from 
hornblende-bearing gabbro (10%) and tonalites-grano­
diorites (80%) to monzogranite (5%). They were 
emplaced in a high-grade migmatitic gneiss basement 
that includes biotite gneiss, biotite-sillimanite gneiss 
and � 1.5 m wide amphibolite sheets (Fig. 2). The 
Pe:fion Rosado granite is a small elongated body 
(0.25 km2, Fig. 2) emplaced in the migmatitic gneisses. 
The metaluminous tonalites and granodiorites are 
equigranular, medium-grained (1.5 cm), and white to 
grey in colour, typically with mafic micro granular en­
claves. They are composed of Mc, PI, Bt, and Bbl and 
the accessory minerals are Ep, ±Aln, Ttn, Ap, oxides, 
and Zm (mineral abbreviations are taken from Kretz, 
1983). The hornblende-bearing gabbro unit is equigra­
nular, medium- to coarse-grained (1.5 cm to 5.0 cm), 
green-black in colour, and the magmatic association is 
PI, Bbl, Qtz and Bt. The monzogranite unit is 
equigranular, medium-grained (1.5 cm) pink to orange 
in colour and consists of Mc, PI, Qtz, Bt and Ms. Initial 
87Sr/86Sr ratios and E(Nd)468 (average of three samples) 
are 0.70886 and - 5.1 (Dahlquist and Galindo, 2004). It 
is suggested that the parental melt of the metaluminous 
suite was mainly derived by melting of meta-igneous 
rocks in the middle to lower crust, without astheno­
spheric mantle contamination, a common feature of the 
metaluminous Famatinian granitoids. Geochronological 
data indicate that major metaluminous suite was 
emplaced during the Middle Ordovician (468 Ma, 
Pankhurst et aI., 2000), almost synchronously with the 
Pe:fion Rosado granite (469 Ma, this work) and in similar 
P-Tconditions (T=763±30 °C, P =4.7±0.5 kb; Da..�l­
quist et aI., 2006 and this work). 
3. The Pefion Rosado granite: petrology, mineral 
chemistry and whole-rock geochemistry 
3.1. Analytical methods 
Petrographic investigations were conducted on 25 
samples of the Pe:fion Rosado granite. Whole-rock major 
and trace elements were determined for 10 representa­
tive samples of the granite and 1 felsic dyke using ICP 
and ICP-MS (following the procedure 4-lithoresearch 
code), at Activation Laboratories, Ontario, Canada 
(ACTLABS). 
Mineral chemistry was determined using a JEO L 
Superprobe IXA-8900-M equipped with five crystal 
spectrometers at the Luis Bru Electron Microscopy 
Center, Complutense University, Madrid, Spain. Oper­
ating conditions were: acceleration voltage of 15 kV, 
probe current of 20 nA, with a beam diameter between 1 
to 2 J.lm. Absolute abundances for each element were 
determined by comparison with standards (Iarosewich 
et aI., 1980; McGuire et aI., 1992). An on-line ZAP 
program was used. 
Rb-Sr and Sm-Nd determinations of four samples 
were carried out at the Geochronology and Isotope 
Geochemistry Center of the Complutense University 
(Madrid, Spain). Isotopic analyses were made on an 
automated multicollector V G® SECTOR 54 mass spec­
trometer. Errors are quoted throughout as two standard 
deviations from measured or calculated values. Analy­
tical uncertainties are estimated to be 0.01 % for 
87Sr/86Sr, 0.006% for 143Nd/l44Nd, 1 % for 87Rb/86Sr, 
and 0.1 % 147Sm/144Nd. Replicate analyses of the NBS-
987 Sr-isotope standard yielded an average 87 Sr/86Sr 
ratio of 0.71 0247± 0.00003 (n=524). Fifty six analyses 
of La Iolla Nd-standard over year gave a mean 
143Nd/l44Nd ratio of 0.511846±0.00003. 
3.2. Field occurrence and macroscopic description 
The Pe:fion Rosado granite is emplaced parallel to 
� N-S structural trends (350°-340°) in the high-grade 
migmatitic gneiss terrane (Figs. 2 and 3a), of which it 
contains large xenoliths (Fig. 3b). The metaluminous 
suite crops out on both sides of the granite and both 
contacts have a superimposed mylonitic foliation, which 
is also observed in the metamorphic basement (� 350°, 
Fig. 3c). The main dip of the metamorphic basement 
foliation is NE (59° to 69°), although at the contacts this 
changes to SW with a higher angle (81°, Fig. 2), sug­
gesting that the dip variation is due to the differential 
distribution of the mylonitic event on two bodies with 
distinctive rheological properties, the granitic rocks 
being more rigid than the metamorphic rocks. 
The Pe:fion Rosado granite is massive, but in some 
places exhibits mineral alignment defming a single 
mylonitic foliation. Generally, it is leucocratic to meso­
cratic, containing biotite and subordinate muscovite. 
Based on field, petrographic and geochemical data, 
three facies are recognised: PRG2 and PRG3 are dom­
inant, whereas PRG 1 is subordinate, forming a very 
small outcrop (Fig. 2). All facies of the Pe:fion Rosado 
granite are medium-grained (0.5 cm), inequigranular, 
and with uniformly distributed 1- to 2-cm phenocrysts 
of garnet (Fig. 3d). A garnet count was carried out in the 
field using 400 cm2 grids (four per facies), revealing an 
average of 25 grains for PRG 1, 21 grain for PRG2, and 
23 grains for PRG3. 
Thin late felsic dykes (50-60 cm width and 100-
150 cm length) of medium-grain size (0.4 cm) and with 
a structural trend of 3°/90° are included in the PRG3 
Fig. 3. Field characteristics of thePefi6n Rasado granite. Ca) Panoramic scene of the outcrop. (b)lntrusion into migmatitic gneiss. Cc) Migmatitic gneiss with mylonitic defonnation. Cd)Equigranular 
granite (pRG3) with homo geneously distributed garnet megacrysts (black dots). Ce) Fragment of the facies PRGl in PRG2 in the contact area. A sharp contact is observed between both facies. 
fades (Fig. 2) and consist of PI, Qtz and Grt. The PRGI 
fades is leucocratic, pink-to-orange, with very high PI 
content (64.37%) and subordinate Grt, Bt and Ms. 
PRG2 is mesocratic, grey, with PI, Qtz, Grt and abun­
dant Bt and Ms. PRG3 is leucocratic, pink-to-orange, 
with PI, Grt, Bt, Ms, and abundant Kfs and Qtz. The 
presence of small rectangular to irregular fragments 
(2.5 mX 1.5 m or 5 mX 1 m) of thePRGI fades in PRG2 
(Fig. 3e), and the disruption of PRG 1 by PRG2 in the 
contact area, suggest that the PRG2 facies was 
introduced when PRG 1 was solid or partially molten. 
3.3. Petrography and mineral chemistry 
The magmatic assemblage for all three fades of the 
Pefion Rosado granite is PI-Qtz-Kfs-Bt-Ms-Grt, with 
Zm and oxides (mainly magnetite and hematite after 
magnetite) as accessory minerals. However, mineral 
proportions are very different in each fades (Table 1). 
Fluorapatite (with F=3.35% and CaO =54.32%; ana­
lyses from one sample) and monazite were observed in 
PRG2. All the facies contain a very low percentage of 
oxides (0.2-0.4%), which can even be absent in PRGI 
and PRG3. Secondary epidote and biotite mantled by 
chlorite (after biotite) is common in PRGl. Analysed 
chlorites have high MnO contents (average of 5 
samples = 2.41 %). Quartz forms anhedral crystals and 
in PRG3 occurs both in the framework of the rock and as 
inclusions in alkali feldspar. Undulose extinction is 
observed in all the quartz. 
Table 1 
Modal and chemical classification of Pefi6n Rosado granite 
Igneous facies PRGI PRG2 
3.3.1. Plagioclase 
Two main varieties of plagioclase were recognized in 
PRGl: (a) PIa (3.2x 1.9 mm), with patchy zoning, 
forming tabular and anhedral crystals and (b) Plb 
(1.7 x 0.9 mm), with continuous zoning, forming tabular, 
subhedral crystals with polysynthetic twinning. A fine­
grained Plc (0.6 x 0.4 mm) occasionally appears in 
PRG 1. The patchy zoning in PIa is formed by intergrowth 
between a Na-rich phase (Ab69.2 An29.1 Or1.6) and Ca­
rich phase (Ab66.5 An32.3 Or1.2; Table 2a). Plb composi­
tions range from Ab66.1 An33.0 OrO.9 in the core to Ab67.s 
An31.3 OrO.9 in the rim (Table 2a). Two varieties of 
plagiocIase, were also recognized in PRG2 (PIa, 
2.8 X 1.9 mm and Plb, 1.8 x 1.1 mm) with similar features 
to the Plb in PRG 1. The composition range is from Ab5s.5 
An39.S Or1.7 in the core to Ab64.2 An34.2 Or1.6 in the rim 
for PIa; and Ab52.1 �6A Or1.4 in the core to Ab62.3 
An35.S Or1.9 in the rim for Plb (Table 2a). The plagioclase 
inPRG3 facies occurs in two sizes, medium-grained (pIa, 
2.8 x 1.3 mm) and fine-grained (Plb' 1.2 x 0.6 mm). Both 
form tabular subhedral-anhedral crystals with polysyn­
thetic twinning and continuous zonation. PIa shows an 
oscillatory profile from AbsoA An1S.0 Or1.60 to Abs2.2 
An16.1 Or1.70 (Table la). 
3.3.2. Alkali feldspar 
In PRGI interstitial alkali feldspar (Mc) occasionally 
appears filling small cavities in deformed plagioclase 
crystals (curved twinning and fracture). The alkali feld­
spar in PRG2 occurs sparsely as individual grains of 
PRG3 LFD 
Representative samples VCA-7079 n= 2 ASP-1I4 n= 1 ASP-Ill n =I ASP-Il2 n= 1 
934 Total points 1640 
Qtz 24.9±4.6 
Kfs Tr 
Pl 64.2±3.0 
Bt 5A±0.7 
Ms 2.2±0.I 
Grt 1.8±0.I 
Ap 
Zm 0.3±0.I 
Mnz 
Mag 0.3±0.I 
Chl+Ep 0.9±OA 
Modal classification QApa Ton a lite 
Ab-An-OY' Trondhjemite 
926 
32.8 
7.8 
45.7 
11.0 
1.0 
0.5 
0.2 
0.2 
0.3 
OA 
0.1 
Ton a lite-gran 0 diorite 
Ton a lite-gran 0 diorite 
1027 
33.2 
25.6 
34A 
1.2 
2.7 
1.5 
0.2 
0.3 
Monzongranite 
Granite 
45.5 
52.5 
0.6 
0.3 
0.9 
0.2 
Ton a lite 
Trondhjemite 
Nomenclature in the table : Abbreviation mineral taken from Kretz (1983). Abbreviations: PRG: Pefi6n Rosado granite; LFD: late felsic dyke; 
Tr=traces; n=number of samples. Dashed line: absent mineral. 
a QAP classification following Streckeisen (1976). 
b Ab-An-Or classification following Barker (1979). Chemical data in Table 3. 
Table 2 a  
Representative compositions of plagioclases i n  Pefi6n Rosado granite from electron microprobe analyses 
Igneous facies 
Sample 
Analysis number 
Mineral 
wt. % 
Si02 
Ti02 
Ah03 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
Total 
Ab 
An 
Or 
Igneous facies 
Sample 
Analysis number 
Mineral 
wt. % 
Si02 
Ti02 
Al203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
Total 
Ab 
An 
Or 
Igneous facies 
Sample 
Analysis number 
Mineral 
wt. % 
Si02 
Ti02 
Al203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
PRG] 
VCA-7079 
63 
PRG] 
VCA-7079 
64 
Pta (patchy zoning) 
59.33 
bdl 
24.85 
0.06 
bdl 
0.02 
5.96 
7.83 
0.28 
98.34 
69.20 
29.10 
1.60 
PRG2 
ASP-114 
60.11 
bdl 
25.09 
0.02 
0.02 
bdl 
6.83 
7.73 
0.15 
99.97 
66.60 
32.50 
0.90 
Av. (n= 2) core zone 
58.04±0.13 
om ±0.01 
26.59±0.00 
0.02±0.01 
0.04±0.01 
0.02±0.03 
8.22±0.03 
6.68±0.10 
0.30±0.01 
99.92±0.21 
58.5 
39.76 
1.74 
PRG3 
ASP-Ill 
140 rim zone 
Oscillatory zoning Pia 
63.93 
0.01 
22.63 
bdl 
0.07 
bdl 
3.37 
9.51 
0.30 
PRG] 
VCA-7079 
65 
60.23 
0.07 
25.09 
0.01 
bdl 
bdl 
6.67 
7.59 
0.22 
99.91 
66.50 
32.30 
1.20 
PRG2 
ASP-114 
PRGl 
VCA-7079 
Av. (n=4) 
59.42±0.42 
bdl 
25.07±0.23 
0.06±0.05 
0.02±0.02 
bdl 
6.70±0.15 
7.77±0.16 
0.18±0.08 
99.25±0.52 
67.05 
31.94 
1.02 
Av. (n= 3) rim zone 
59.25±0.31 
bdl 
25.58±0.21 
0.06±0.05 
0.03 ±0.03 
om ±O.OO 
7.19±0.12 
7.46±0.02 
0.28±0.04 
99.86±0.24 
64.21 
34.2 
1.59 
PRG3 
ASP-ll1 
141 core zone 
63.73 
bdl 
22.8] 
0.04 
bdl 
bdl 
3.66 
9.47 
0.28 
PRG] 
VCA-7079 
Av. (n =2) core zone 
59.29±0.]4 
bdl 
25.23 ±0.22 
0.03±0.03 
0.04±0.03 
bdl 
6.97±0.03 
7.72±0.03 
0.16±0.04 
99.42±0.27 
66.11 
32.98 
0.9] 
PRG2 
ASP-Il4 
43 core zone 
56.41 
b dl 
27.64 
0.05 
0.03 
b dl 
9.54 
5.92 
0.25 
99.84 
52.l0 
46.40 
1.40 
PRG3 
ASP-Ill 
142 core zone 
63.81 
bdl 
22.19 
0.04 
bdl 
bdl 
3.49 
9.33 
0.39 
PRGl 
VCA-7079 
Av. (n=2) rim zone 
59.73±0.28 
bdl 
24.9] ±0.09 
0.06±0.05 
0.03 ±0.02 
bdl 
6.61 ±0.07 
7.90±0.03 
0.16±0.07 
99.39±0.30 
67.76 
3l.33 
0.9] 
PRG2 
ASP-Il4 
Av. (n=2) rim zone 
58.38±0.01 
bdl 
25.53±0.16 
0.06±0.02 
bdl 
bdl 
7.43±0.12 
7.14±0.01 
0.33 ±0.02 
98.84±0.30 
62.29 
35.82 
1.89 
PRG3 
ASP-Ill 
143 rim zone 
62.825 
bdl 
23.014 
bdl 
bdl 
0.02 
3.79 
9.37 
0.29 
(continued on next page) 
Table 2a (continued) 
Igneous facies PRG3 PRG3 PRG3 PRG3 
S ample ASP-lll ASP-lll AS P-Ill ASP-lll 
Analysis numb er 140 rim zone 1 4 1 core zone 142 core zone 143 rim zone 
Mineral Oscillatory zoning Pla 
wt. % 
Total 99 . 8 1  lOom 9 9 .26 99.29 
Ab 82 .20 8l.l0 8 1 .00 80.40 
An 1 6 . 1 0  1 7 .30 1 6 .80 1 8 .00 
Or 1 . 70 1 .60 2 .20 1 . 60 
Igneous facies LFD LFD LFD LFD LFD LFD 
S ample ASP-ll2 ASP- 1 1 2  ASP-ll2 AS P-ll2 ASP-ll2 ASP-ll2 
Analysis number Av. (n=2) 1 7  rim zone 1 8  between 1 7- 1 9  1 9  core zone 20 between 1 9-2 1 2 1  rim zone 
Mineral Pta Oscillatory zoning Plb 
wt. % 
Si� 60.80±0 . 02 6 1 . 02 62 .50 6 1 .63 6 1 . 3 1  60.88 
Ti02 0 . 02±0.02 0.00 0 . 00 0 .00 0 . 00 0 . 0 1  
Ah03 23 . 98±0.23 23 .45 22 .86 2 3 .3 1 23 . 70 23 . 83 
FeO 0 . 0 1  ±0 . 0 1  0 .00 0 . 05 0 .03 0 . 02 0 . 02 
MnO 0 . 04±0 . 0 1  0.0 1 0 . 00 0 .00 0 . 00 0 . 00 
MgO bdl 0.0 1 0 . 0 1  0 .00 0 . 0 1  0 . 00 
CaO 5 . 96±0.02 5 . 1 9  3 . 98 4 .74 4 .42 5 .42 
Na20 8 . 3 8±0.04 8.6 1 8 . 90 8 .59 8 . 1 4  8.47 
K20 0 .25±0 . 0 1  0 .2 1 0.4 1 0 .24 0 .46 0 .23 
Total 99.43 ±0.22 98 . 5 1  98 . 7 1  9 8 .54 98.06 98.86 
Ab 70.8 74 . 1 0  78.30 7 5 .60 74 .80 72.90 
An 27.82 24 .70 1 9 . 3 0  2 3 .00 22 .40 25.80 
Or 1 . 3 9  1 .2 0  2 . 3 0  lAO 2 . 80 1 . 3 0  
Nomenclature i n  the table: Total iron measured as FeO, structural formulae calculated following Richard (1995), mineral abbreviation are taken from 
Kretz ( 1 983). Abbreviations: PRG= Pefi6n Rosado granite; bdl = below detection limit; Av. = average; n = number of samples. 
References as in Table 2a for the plagioclases in PRG 1 .  
LFD=Late felsic dyke. 
a Representative composition of plagioclase used in geothermobarometry and fractional crystallization model using maj or oxides, which result 
from the average between core and rim zone of the Plb (explanation in S ection 7) . 
orthoclase (representative composition in Table 2b). The 
lack of cross-hatched twinning and microperthite 
suggests crystallization in the upper solvus field, and a 
very low N a content in the magma during the crystal­
lization of PRG2. Mc is abundant in PRG3 (Table 1), is 
coarse-to-medium-grained (Mca, 5.1 x 3.3 mm to 
2.6 x 1.3 mm), and forms rectangular subhedral-anhe­
dral crystals, generally with perthitic texture and 
inclusions of Qtz-PI-Ms. The medium-to-fme-grained 
MCb (0.6 x 0.3 mm) is intergranular and without in­
clusions. A representative composition of Mc a is shown 
in Table 2b. 
3.3.3. Garnet 
Garnet is abundant in all facies of the Pe:fion Rosado 
granite and is present in most of the collected samples 
(Table 1). All galnets types have distinctive red cores, 
with hematite(?)-coated fractures and form hexagonal 
sections, some time irregular, euhedral to subhedral 
crystals without or few mineral inclusions such as 
chlorite (after biotite) and secondary muscovite. Fig. 4 
shows that garnet compositions in the Pe:fion Rosado 
granite are similar to those in other peraluminous 
plutons and, in particular, to the magmatic garnets 
reported by du Bray (1988). In the PRG, the textural 
studies have revealed three garnet populations according 
to their sizes in PRG 1: Grta (1.7-1.5 mm), Grtb (1.3-
1.0 mm) and Grtc (0.8-0.6 mm); two garnet populations 
in PRG2: Grta (2.3 x 1.9 mm), Grtb (1.7 x 1.0 mm), and a 
single garnet population in PRG3 (Grta, 2.1 x 2.2 mm). 
The analysed garnets in PRG are largely a solid solution 
of almandine-spessartine, which constitutes 81.32-
88.53% of the total molecular composition (Table 2c). 
Pyrope, andradite, and grossular, and very rare or absent 
uvarovite, together make up the remainder. Detailed 
petrographic and electron microprobe studies revealed 
Table 2b 
Representative compositions of alkali feldspar in Peiion Rosado granite from electron microprobe analyses 
faries PRG2 PRG2 PRG3 PRG3 PRG3 PRG3 
Sample ASP·1 l 4  ASP·1 1 4  ASP·l l l  ASP·l 1 1  ASP·l 1 1  ASP·l 1 1  
Analysis number 47 50 2 rim zone 3 central zone 4 central zone 5 rim zone 
Mineral Kfs Kfs Kfs 
wt% 
Si02 64.1 6 63.87 64.08 
Ti02 0. 01 bdl 0. Q3 
Ah03 1 8 .85 1 8 .77 1 8.72 
FeO 0.02 bdl bdl 
NlnO 0.05 bdl bdl 
MgO bdl bdl bdl 
CaD 0.07 0.05 0.05 
N�O Ll l 0. 91 1 .58 
K20 1 5 37 1 5 25 1 5.80 
Total 99. 64 98 . S5 1 0031 
Ab 9.90 8 .30 1 3 . 1 0  
An 0. 30 0.30 020 
Or 89.80 91 .50 8 6.60 
References as in Table 2a for the plagioclases in PRG1 . 
that all the garnet types in each facies have a similar 
zoning pattern and similar absolute oxides concentra­
tions. Two garnets housed in the PRG 1 were chosen for 
compositional mapping and zoning profiles (Fig. 5 and 
Table 2c). A spessartine component between 27.86 and 
30.29% (average from 9 samples=28.96%) is represen-
64.30 63.32 63.86 
bdl 0.02 0.02 
1 8.61  1 8.79 1 8.51  
0.04 bdl bdl 
bdl 0.03 bdl 
0.03 0.01 bdl 
0.042 0.04 0 . 10  
1 .5 1  1 .30 l AO 
1 5A7 1 5.84 1 5.59 
1 00. 0 S  99Al 99.52 
1 2.90 l Ll O  1 1 .90 
020 020 0.50 
8 6.90 8 8.70 87.60 
tative of the large unzoned homogenous central area, 
whereas the marginal rims typically have 34.69 43.50% 
(average from 8 samples = 39.18%). The intermediate 
compositional zone has a spessartine range between 
32.11 and 33.38% (average from 4 samples = 33.21 %). 
Thus, the profiles exhibited relatively Mn-poor central 
Mn 
o Composition of indiv,dual magmal1c garnet of !he 
Peii6n Rosado granite, 
• Average composition of garnets ir. peraluminous 
9raniloids according to du Bray (1988). Tafsnah(1l 
Mg 
Fig. 4. Garnet compositions (Mn, Fe, and Mg) for the Peiion Rosado granite. The grey field is for garnet compositions from the compilation of Miller 
and Stoddard (1 98 1 )  and garnet compositions in peraluminous granitoids are from du Bray (1988), The compilation of Miller and Stoddard (198 1) 
reveals that an overnrhelming majority of garnets found in granitoids contain > 10% spessartine component (n �nurnber of analyses) , 
Table 2c 
Representative compositions of garnet in Pefi6n Rosado granite from electron microprobe analyses 
Igneous facies PRG 1 ----
S ample VCA-7079 
Analysis Av. (n=7) 
number CZa 
PRGl 
VCA-7079 
Av. (n=2) 
ICZ 
PRGl 
VCA-7079 
Av. (n =4) 
MRZ 
PRGl PRGl PRGl 
VCA- VCA- VCA-
7079 7079 7079 ---
1 MRZ 2 MRZ 29 ICZ 
PRGl 
VCA-
7079 
3 RC 
PRGl 
VCA-
7079 
4 RC 
PRGl PRGl 
VCA- VCA-
7079 7079 ---
6 MRZ 7 MRZ 
Mineral Composition profile Grta 
wt. % 
Si(h 
Ti02 
Ah03 
FeO 
CFeO 
CFe203 
MnO 
MgO 
CaO 
Na20 
K20 
Total 
CTotal 
37.58±0.17 
0.09±0.09 
21.16±0.26 
23.96±0.58 
23.96 
0.00 
12.78±0.32 
3.44±0.09 
1.45±0.22 
0.02±0.02 
bdl 
100.48 
100.48 
37.68±0.18 
bdl 
21.47±0.14 
22.04± 1.1 
22.04 
0.00 
14.3±0.01 
2.71 ±0.34 
l.28±0.07 
om ±0.01 
bdl 
99.49 
99.49 
37.12±0.14 
0.02±0.02 
21.5±0.18 
20.72±0.87 
20.72 
0.00 
16.66±0.75 
2.2±0.43 
1.43±0.19 
0.OHO.01 
bdl 
99.67 
99.67 
End-members calculatedfollowing Deer et aL (1992) 
Almandine 53.32 51.24 47.78 
Andradite 0.00 0.00 0.00 
Grossular 
Pyrope 
Spessartine 
Uvarovite 
4.13 
13.65 
28.80 
0.00 
3.81 
11.23 
33.67 
0.00 
4.22 
9.04 
38.91 
0.00 
37.11 
0.02 
2].43 
20.78 
20.78 
0.00 
17.00 
1.98 
1.43 
0.01 
bld 
99.76 
99.76 
47.91 
0.00 
4.22 
8.13 
40.00 
0.00 
37.55 
bId 
2].57 
21.27 
21.27 
0.00 
14.29 
2.47 
1.23 
bId 
bld 
98.38 
98.38 
50.97 
0.00 
3.77 
10.54 
34.69 
0.02 
Igneous facies PRGl 
VCA-7079 
8MRZ 
PRGl 
VCA-7079 
9MRZ 
PRGl 
VCA-7079 
15ICZ 
PRGl 
VCA-7079 
10 RC 
Mineral 
wt. % 
Si(h 
Ti02 
Al203 
FeO 
CFeO 
CFe203 
MnO 
MgO 
CaO 
Na20 
K20 
Total 
CTotal 
36.94 
om 
21.37 
19.72 
19.72 
0.00 
18.10 
1.76 
1.40 
0.01 
bdl 
99.31 
99.31 
37.26 
bdl 
21.21 
22.20 
22.20 
0.00 
15.40 
2.34 
1.67 
om 
bdl 
100.08 
100.08 
End-members calculatedfollowing Deer et aL (1992) 
37.83 
om 
21.62 
23.29 
23.29 
0.00 
14.32 
2.89 
1.74 
bdl 
bdl 
101.71 
101.71 
Almandine 45.84 50.30 5l.55 
Andradite 0.00 0.00 0.00 
GrossuIar 
Pyrope 
Spessartine 
Uvarovite 
4.18 
7.30 
42.63 
0.00 
4.83 
9.43 
35.34 
0.03 
4.93 
11.41 
32.11 
0.00 
37.36 
bdl 
21.78 
23.83 
23.83 
0.00 
12.92 
3.30 
1.31 
bdl 
bdl 
100.50 
100.50 
53.58 
0.00 
3.78 
13.22 
29.42 
0.00 
37.80 
bId 
21.37 
22.82 
22.82 
0.00 
14.31 
2.94 
1.33 
0.03 
bld 
100.60 
100.60 
51.48 
0.00 
3.85 
11.84 
32.69 
0.00 
PRG 1 
VCA-7079 
11 RC 
37.41 
0.08 
2l.52 
23.61 
23.61 
0.00 
13.06 
3.35 
1.33 
0.02 
bdl 
100.35 
100.35 
52.97 
0.00 
3.82 
13.40 
29.68 
0.00 
37.85 
0.02 
2].50 
24.31 
24.31 
0.00 
12.75 
3.31 
1.40 
bId 
bld 
10 l.l4 
10 l.l4 
54.14 
0.00 
3.98 
13.14 
28.75 
0.00 
37.37 
0.23 
20.99 
24.50 
23.99 
0.57 
12.37 
3.51 
1.61 
0.04 
bld 
100.62 
100.68 
53.46 
1.55 
3.03 
13.91 
27.86 
0.00 
36.94 
0.06 
21.68 
21.90 
21.90 
0.00 
15.57 
2.80 
1.20 
0.02 
bld 
100.17 
100.17 
49.51 
0.00 
3.49 
11.28 
35.65 
0.00 
PRG 1 
VCA-7079 
14 ICZ 
PRGl 
VCA-7079 
12MRZ 
37.78 
om 
21.40 
22.70 
22.70 
0.00 
14.72 
2.76 
1.62 
0.03 
bdl 
101.02 
101.02 
50.82 
0.00 
4.66 
1l.01 
33.38 
0.00 
37.89 
0.06 
21.76 
22.01 
22.01 
0.00 
16.06 
2.38 
1.50 
0.02 
bdl 
1Ol.59 
1Ol.59 
49.49 
0.00 
4.32 
9.53 
36.58 
0.00 
37.13 
bdl 
21.62 
20.28 
20.28 
0.00 
16.82 
1.81 
1.66 
0.01 
bld 
99.33 
99.33 
47.52 
0.00 
4.97 
7.54 
39.91 
0.00 
PRG 1 
VCA-7079 
13MRZ 
37.41 
bdl 
21.27 
19.17 
19.17 
0.00 
18.46 
1.68 
1.61 
0.02 
bdl 
99.61 
99.61 
44.61 
0.00 
4.80 
6.98 
43.50 
0.00 
Table 2c (continued) 
Igneous facies PRGl PRGl PRG2 PRG2 PRG3 LFD LFD 
S ample VCA-7079 VCA-7079 ASP- 1 1 4 ASP- 1 1 4  AS P-Il l ASP-ll2 ASP-ll2 
Analysis number Av. (n=3) CZ Av. (n=2) RZ Av. (n=3) CZ 55RZ Av. (n=9) CRZ Av. (n=3) CZ Av. (n=2) RZ 
Mineral Grtc Grta Grt Grt 
wt. % 
SiCh 3 7 .24±0 . 1 2  3 7 .2l±0 . 3 3  3 7 . 65±0 . 1 3  3 8 . 05 3 7 .2 1  ±0 .34 3 7 .25±0 . 1 O  3 7 . 04±0 . 1 2  
Ti02 bdl 0 . 1 5±0 .05 0 . 05 ±0 . 04 0 . 02 0 .07±0 .04 0 . 05±0 . 07 0 . 02±0.02 
A1203 2 1 .22±0 . 3 0  2 1 .24±0 . 1 5  2 1 . 56±0 . 1 9  2 1 .88 2 1 .25 ±0.36 2 1 A7±0.24 2 1 . 5 3 ±0 . 00 
FeO 23 .26±0 . 1 5  1 9 . 85±0 .32 26. 1 2±0.Il 25.50 1 9 .60±0.36 22 . 52±OA7 2 1 . 1 3 ±0 . 06 
CFeO 23 .26±0 . 1 5  1 9 . 85±0 .32 23 . 1 2±0.Il 25.50 1 9A9±0 .32 22A2±0 . 32 2 1 . 1 3 ±0 . 06 
CFe203 0 . 00 0 . 00 0 . 00 0 . 00 0 . 1 8±0 .28 0 . 1 2±0. 1 6  0 . 00 
MnO 1 3 A3±0 . 1 8  1 7 . 60±OAO 1 O. 1 7±0 .20 1 1 . 6 1  1 6 .93 ±0 .32 1 4 . 52±0.28 1 6 .56±0 .26 
MgO 2 . 8l±0 . 1 5  1 . 6l±0 . 1 5  3 . 55±0 . 1 O  3 . 3 9  3 .66±0 . 1 6  3 . 00±0 . 06 2 . 04±0 . 1 7  
CaO lA2±0 . 1 5  1 . 57±0 .06 1 . 3 9±0.03 1 .25 0 .70±0 . 1 O  l.l6±0 . 07 l.l4±0 . 06 
Na20 0 . 0l±0 . 0 1  bdl 0 . 02±0 . 0 1  0 . 02 0 .03±0 .02 0 . 0 3 ±0 . 03 0 . 00 
K20 bdl bdl bdl 0 . 0 1  0 .00 0 . 0 1  ±0 . 0 1  0 . 00 
Total 99AO±OA9 98. 98±0 .53 1 00 . 54± 0 . 1 3  1 0 1 .76 99.53 ±OA2 1 00 . 00±0.26 99A4±0 . 06 
CTotal 99AO±OA9 98. 98±0 .53 1 00 . 54± 0 . 1 3  1 0 1 .76 99.55±OAl 1 00 . 02±0.29 99A4±0 . 06 
End-members calculatedfollowing Deer et al. ( 1 992) 
Almandine 53 .2 1 46.64 58.60 56.74 44.2 50.84 49. 1 0  
Andradite 0 . 00 0 . 00 0 . 00 0 . 00 OA9 0 .25 0 . 00 
Grossular 4 . 1 6  4 . 73 4 . 00 3 . 55 1 .52 3 . 1 3  3 AO 
Pyrope l1 A6 6 . 74 1 4 .20 1 3 A6 1 4 .79 1 2 . 1 6  8 . 50 
Spessartine 3l.l2 4 1 .89 23 . 1 1  26. 1 6  3 8 .82 3 3 A5 3 9 . 0  
Uvarovite 0 . 00 0 . 00 0 . 00 0 . 00 0 .00 0 . 00 0 . 00 
References as in Table 2a for the plagioclases in PRG 1 .  Total iron measured as FeO; Fe3+ calculated following Droop ( 1 9 87); C = calculated. 
CZ=central zone; IRZ=intermediate compositional zone; MRZ=marginal rim zone. 
Averaged samples in : CZ=3, 4, 3 0 ,  3 1 ,  32, 3 3 ,  34; ICZ=29, 2; MRZ= 1 ,  6, 7, 3 5 .  All samples in Fig. 5 .  
References as in Table 2 a  for the plagioclases in PRG 1 .  Total iron measured a s  FeO; Fe3+ calculated following Droop ( 1 9 87); C = calculated. 
LFD=late felsic dyke. CZ=central zone; CRZ=central-rim zone; RZ=rim zone. 
a Representative composition of garnet used in geothermob arometry and fractional crystallization model using major oxides, which result from 
the average of the central zone (explanation in Section 7) . 
zones and relatively Mn-rich marginal rims zones, 
constituting a "spessartine inverse bell-shaped profile" 
(Fig. 5). In addition, Mn vs. Fe2+ + Mg shows inverse 
correlation from marginal rim to central zone (Table 2c). 
The MnO content in the PRG2 garnets is lower than in 
PRG 1 garnets but the FeO content is slightly higher. The 
characteristic zoning pattern exhibits a relatively Mn­
poor central zone and a relatively Mn-rich rim zone, but 
with narrow composition variation (Table 2d), consti­
tuting a "smooth spessartine inverse bell-shaped pro­
file". The PRG3 garnets have the highest MnO contents 
of any in the pluton. These gamets have relatively 
homogeneous spessartine content, with very narrow 
compositional variation (from spessartine 37.49% in the 
core to 39.72% in the rim, Table 2d), and are thus 
essentially unzoned. 
3.3.4. Dark micas 
The black micas in PRG 1 and PRG2 occur in two sizes, 
medium-grained (Bta, 1.4 x 0.6 mm) and [me-grained (Btb, 
0.5 x 0.3 mm), whereas the biotites in PRG3 are fine­
grained (0.3 x 0.2 mm). All form tabular and irregular 
sections, are subhedral, and have light to dark brown 
pleochroism. Oxides, Ap and Zm occur as inclusions in 
the PRG 1 and PRG2 black micas, whereas zircon 
inclusions were obselVed in PRG3. The PRG1 black 
micas are commonly chloritized. In terms of Al IV vs. Fe2+ / 
(Fe2+ + Mg) the black micas of the Pefion Rosado granite 
are classified as biotites with high siderophyllite-eastonite 
contents (Table 2d). The biotites in PRG3 have a similar 
composition to those in PRG1 and PRG2, although the 
Fe2+ /(Fe2+ + Mg) ratios are slightly lower (Table 2d). 
The biotites of all facies have consistently high Allv 
(mean 2.48 to 2.64 atom/formula unit) together with 
high MnO contents (e.g., 0.85% in the PRG1 facies, 
Table 2d), as found by Miller and Stoddard (1981) for 
biotite in garnet-bearing granite. Biotites with high Allv 
seem to be characteristic of peraluminous granites (e.g., 
Dahlquist et aI., 2005b; Clarke et aI., 2005) where they 
coexist with aluminous minerals (Table 2d). 
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Fig. 5. X -ray compositional maps and zoning profiles for spessartine content from sample VCA -7079 (pRG 1 faci es) using electron mi croprobe. In general, 
the spessartine content follows an inverse bell-shaped profile. There is a large homogenous central zone (spessartine average� 28.96%), an intermediate 
compositional zone (spessartine average � 33.21 %) and :Mn enrichment 0 f margin al rims (sp essartine average � 3 9. 1 8  %). Ori entati ons 0 fthe c ompositional 
profiles are indicated on the garnet CZ� central zone, ICZ�intermediate compositional zone, and MRZ� marginal rim zone. Data in Table 2c. 
3.3.5. White micas 
White mica is the other sheet silicate present. Care was 
taken to determine whether it is of primary or secondary 
origin, since primary white mica is widely held to be an 
indicator of peraluminous magmas (Speer, 1984). Petro­
graphic observations using the criteria of Miller et aL 
(1981) suggest that both types are present. Chemical 
analyses were made of presumed primary white micas, 
which fall in the appropriate field of the Mg Ti Na 
diagram (Fig- 6) according to division established by 
Miller et aL (1981)_ They are also distinctively Fe-rich, 
similar to those in typical S-type granitoids of the Fama­
tinian orogen (Table 2e) and those reported by Clarke et 
aL (2005) as coexisting with aluminous minerals_ Thus, 
both textuml and chemical evidence indicate a primary 
origin for some white micas of the Pe:fion Rosado granite_ 
3.3.6. Late felsic dykes 
The magmatic association here is PI Qtz Grt with 
Bt Ms Zrn-oxides as accessory minerals_ Plagioclase 
is medium-grained, forms tabular sections, and is 
subhedral or occasionally anhedral, with Qtz Bt-oxides 
as inclusions_ Polysynthetic twinning and both normal 
and oscillatory optical zoning are observed, with occa­
sional patchy zoning_ Two plagioclases were analysed, 
one with continuous zoning (Pia, 3 _9 X 2_7 mm), and one 
with oscillatory zoning (Plb, 1.3 x 0_7 mm)_ The Pia 
composition (average from two analyses) is Ab7o_8 
An17_9 Oru and the Plb reveals oscillatory zoning with a 
composition mnge between Ab71.9 An15_8 Oru and 
Ab78_3 An19_3 Orl_3 (Table 2a)_ The garnet (1.9 x 1_7 mm) 
forms subhedral euhedral hexagonal sections_ The solid 
solution almandine spessartine, constitutes 83_80 to 
88_66% of the total molecular composition (Table 2c); 
pyrope, andradite and grossular make up the remainder_ 
MnO content is high and the characteristic zoning pat­
tern exhibits a relatively Mn-poor core and a relatively 
Mn-rich rim, constituting clearly a "spessartine inverse 
bell-shaped profile"_ Biotite and muscovite are sparse: 
the biotites are mantled by chlorite and the analysis 
Table 2d 
Representative compositions of dark micas in Peii6n Rosado granite from electron microprobe analyses and structural fonnulae 
Igneous unit PRG TGa AGb 
Igneous facies PRGl PRG2 PRG3 LFD Average Average 
S ample/s VCA-7079 ASP- 1 1 4 ASP- 1 1 I  ASP- I 1 2  TUA-246, 49 Plutonic rocks 
Analysis number Av. (n=4) Av. (n=6) Av. (n=8) Av. (n=2) Av. (n=6) Av. (n=52) 
Mineral Bf Bt Bt BtI Bt Bt 
wt. % 
Si� 3 5 . 76±0.27 3 5 . 1 1  ±0 .50 3 5 .53 ±OA5 34.36±0 . 1 O  34 .77±0.73 34.5 1 ±0 .63 
Ti02 2 . 3 0±0 . 07 2 . 59±0.3 1 2 .29±0 . 1 3  0 . 82±0 . 04 2 .63 ±0 .32 2 . 55±0 .53 
Ah03 1 7 . 5 3 ±0 . 3 0  1 9 . 32±0 . 1 9  1 8 .99±0 .34 I8. 69±0 . 1 1  I8.93 ± 1 .06 I9 . 94±0 .83 
FeO ] 9 . 3 9±0 . 3 6  1 8 . 92±OA] 1 5 .94±0.27 ] 5 . 87±0 .00 1 7 .38±0.7 1 22 . 65± 1 . 50 
MnO 0 . 85±0 . 1 6  OA4±0 . 1 9  0 .72±0 . 06 1 . 00±0 . 07 0 .94±0.90 OAO±0.24 
MgO 8 . 94±0 . 1 1  8 . 86±OA] 1 0 .63 ±0.29 ] 2 . 79±0 . 1 O  1 O. 3 3 ±0 .56 5 . 75± 1 . 68 
CaO 0 . 02±0.02 0 . 02±0.02 0 .02±0 . 03 0 . 1 8±0 . 02 0 .04±0.03 0 . 0 1 ±0 . 0 1  
Na20 0 . 0 9 ±0 . 04 0 . 05±0.02 0.09±0 . 02 0 . 07±0 . 0 1  0 . 1 9±0.03 0 . 1 4±0 . 06 
K20 9 . 65±0 . 1 9  9 . 74±0 . 1 0  1 O.3 0±0 .50 6 . 1 6±0 . 1 2  8 .90±0.59 9AO±0.22 
F 0 . 32±0 . 1 6  0 . 1 1  ±0 .07 0 .50±0 . 05 0 . 09±0 . 02 0 . 1 7±0.03 1 . 1 7±OA6 
Cl 0 . 0 1  ±O.OO 0 . 02±0.0 1 0 .04±0 . 0 1  0 . 0 1 ±0 . 0 1  bId nd 
Total 94 .90±0 . 66 95. 1 7±0 .55 9 5 .07 ±0 .63 90. 08±0 .03 94 .38± 1 .24 96A2±0 .63 
OJ_Cl 0 . 1 4±0 .07 0 . 05±0.03 0 .22±0.02 0 . 04±0 . 0 1  0 .07 ±0 .06 OA9 
CTotal 94 .76±0 . 6 1  95. 1 2±0 .54 94.85±0 .62 90.04±0.02 94 .3 1 ± 1 .26 95.93 
Structural fonnulae calculated on basis 22 0 
S i  5 . 52 5 . 3 7  5Al 5 . 3 8  5 .32±0 .04 5 . 3 5  
AIIV 2A8 2 . 64 2 .59 2 . 62 2 .68±0 .04 2 . 65 
Sum-T 8 . 00 8 . 00 8 .00 8 . 00 8 .00±0.00 8 . 00 
AIVl 0 . 7 ]  0 . 84 0.8 1 0 . 83 0.74±0 .22 0 . 98 
Ti 0 .27 0 . 3 0  0 .26 0 . 1 0  0 .30±0 .04 0 . 3 0  
Fe
2+ 2 . 50 2A2 2 .03 2 . 08 2 .23±0 . 1 1 2 . 92 
Mn 0 . 1 1  0 . 06 0 .09 0 . 1 3  0 . 1 2±0 . 1 3  0 . 05 
Mg 2 . 06 2 . 02 2 A 1  2 . 99 2.36±0 . 1 2  1 . 3 3  
Sum-B 5 . 65 5 . 64 5 .60 6 . 1 3  5 .74±0.07 5 . 58 
Ca 0 . 00 0 . 00 0 .00 0 . 03 om ±O.OO 0 . 00 
Na 0 . 03 0 . 02 0 .03 0 . 02 0 .06±0.0 0 . 04 
K 1 . 9 1  1 . 90 2 .00 1 .23 1 .74±0 . 1 1 1 . 86 
Sum-A 1 . 94 1 . 92 2 .03 1 .28 1 .80±0. 1 1  1 . 90 
CF 0 . 3 1 0 . 1 1  OA8 0 . 09 0 . 1 6±0 . 1 3  1 . 1 5 
CCI 0 . 00 0 . 0 1  0 .02 0 . 00 0 .00 0 . 00 
0 . 55 0 . 55 OA6 OAl OA9±0.02 0 . 69 
References as in Table 2a for the plagioclases in PRG 1 .  C= calculated. LFD = late feIsic dyke. nd =not detennined. 
a Biotites in Tuani Granite unit (cordierite-bearing granitoids), database from DahIquist et aL (2005b). 
b Biotites in andaIusite-bearing granitoids, database from CIarke et aL (2005). 
C Representative composition of biotite used in geothennobarometry and fractional crystallization model using maj or oxides, which result from 
the average of 4 samples (explanation in S ection 7) . 
d Chloritized biotite. 
cmuoosltlOn has been 
is abundant, recfarlglLlar 
irregular and subhedral-anhedral. 
3.4. Whole-rock geochemistry 
3.4.1. Major elements 
The Pefi6n Rosado has an average aluminium 
saturation index of 1 . 1 2  3) and is classified as a 
slightly suite according to the nomencla-
ture and White It a distinct 
chemical trend with (a) the metaluminous 
granitoids of Cerro Asperecito (Fig. 2), (b) the 
F amatinian metaluminous of the Sierra de 
"'-./H''-'W'-''L>_ (c) the Boggy Plain metaluminous SUf)en;mte, 
an extensive (500 km) and well-known belt of I-type 
granitoids in the central Lachlan F old Belt of SE Aus-
whose magma was derived by re'Jvor-jarLQ 
of pre-existing crust in a similar way to that of the 
Famatinian (Wybom et 1 987; Pankhurst 
Mg 
Prl mary·m lea 
field 
Na 
Fig. 6. Proj ected composition of white micas in the triangular diagram Mg Ti N a (data in Table 2e). The limit between fields for secondary and 
primary micas is from Miller et al. (1 98 1). Grey field is representative of the white micas compositions in cordierite-bearing granitoids of Sierra de 
Chepes (Oahlquist et al., 2005b; data is showed in Table 2e). Filled rhombus are representative magmatic muscovite in garnet-bearing granitoids 
according to Kehede et al. (2001). Filled square is a typical value ofMg Ti Na from white micas (53 samples) crystallized in andalusite-bearing 
granites (Clarke et al., 2005; data is showed in Table 2e). Main inset shows representative primary white micas in PRG1 facies and the localization of 
two analyses (white squares). PRG: Peiion Rosado granite, facies 1, 2, and 3. 
et ai., 1998), and (d) a classical metaluminous suite 
defmed in the original A B diagram of Debon and Le 
Fort (1983) from a large database (Fig. 7a and b). The 
Pe:fion Rosado granite plots outside the main metalumi­
nous trend and it is very difficult to envisage it as a 
differentiation product of metaluminous parent magma. 
The Pe:fion Rosado granite trend shown in Fig. 7b falls 
in the peraluminous domain of the diagram of Debon 
and Le Fort (1983). The transition from m-p-g (mod­
erately peraluminous granitoids) to fp-g (felsic peralu­
minous granitoids) strongly suggests a magmatic suite 
in which the extension of PRG3 into the fp-g field 
represents a highly fractionated or residual peralumi­
nous magma (see Villaseca et ai., 1998). The Pe:fion 
Rosado granite trend is similar to those of the aluminous 
suites reported by Debon and Le Fort (1983). 
The three main facies of the Pe:fion Rosado granite 
show a progressive increase in Si01 in the Harker vari­
ation diagrams (Fig. 8 and Table 3). PRGl has higher 
CaO, Na10, Ah03 and MnO concentrations, whereas 
PRG2 has higher FeO, MgO, Ti01, P10S and K10, and 
PRG3 has the highest K10 concentration. All major 
elements show a distinctive inflexion for the PRG2 facies 
(S i01 = 70. 88%). The geochemical characteristics of the 
three facies are coherent with the magmatic mineml 
assemblage observed in each (e.g., PRGl is plagioclase­
rich, PRG2 is biotite-rich, and PRG3 is K-feldspar-rich). 
3.4.2. Trace elements and REE 
Harker plots for some truce elements (e.g., Th, Hf, 
Nb, Ta, Ga) also show an inflexion at Si01=70.88%, 
interpreted as signifying a change in the crystallization 
sequence. In addition, the similarity between the trace 
element inter-relationships (Ba, Sr and Rb) shown in 
Fig. 8 and those modelled by different authors (e_g., 
McCarthy and Robb, 1978; Rapela and Shaw, 1979) 
indicate that the main mechanism of differentiation was 
fractional crystallization in a closed system, without 
significant contamination of the magma during its evo­
lution. PRG 1 and PRG2 exhibit similar Zr concentru­
tions, whereas PRG3 is depleted in Zr. 
A distinctive chondrite-normalized REE pattern is 
exhibited by each PRG facies (Fig. 9 and Table 3). PRG 1 
has relatively low LREE and high HREE values ([La! 
Yb IN= 1.78), with marked positive Eu-anomalies (Eu/ 
Eu* = 1.95), strongly suggesting that it is probably accu­
mulate. Conversely, PRG2 is characterized by relatively 
high LREE and low HREE values ([LaIYb IN= 8.31), with 
negative Eu-anomalies (EuJEu* = 0.72). PRG3 is depleted 
in REE, with a flat pattern ([LalYblN=3.64) and slightly 
negative Eu-anomalies (EuJEu* = 0.82). 
4. Geochronology 
Zircons were separated from sample VCA-7079 
(PRGl facies) at NERC Isotope Geosciences Labom­
tory, UK., and analysed for U Pb isotopic composition 
using SHRIMP RG at The Australian National Uni­
versity, Canberra (as in Williams, 1998). The zircons are 
quite variable in morphology, with length: breadth mtios 
ranging from � 1 to � 3, the latter up to 250 ).lm long, 
and mostly subhedraL Cathodo-luminescence images 
(Fig. 10) show that the zircons are of crustal origin, with 
cores consisting of complex fragments of older grains 
(showing both sector-zoned and oscillatory zoned 
forms), overgrown by two stages of low-luminescence 
zircon thought to be related to crystallization of granite 
magma formed by anatexis. In order to define the 
Table 2e 
Representative compositions of white micas in Peii6n Rosado granite from electron microprobe analyses and structural fonnulae 
Igneous unit PRG TGa AGb 
Igneous facies PRGI PRG2 PRG3 TUA-246, 49 Plutonic rocks 
S ample/s VCA-7079 ASP- 1 1 4 ASP-lll 
Analysis number Av. (n=4) Av. (n=2) Av. (n=5 ) Av. (n=5) Av. (n=53) 
Mineral WMc WM WM WM WM 
wt. % 
Si� 45.3 9±0.24 44.28±0.07 44 .85±0 . 88 45.3 9±0 .39 45.43±0 . 55 
Ti02 0 . 68±0.02 0 .65±0 .02 0 . 7 1 ±0 . 06 0 .84±0 .33 0 . 55±0 .53 
Ah03 32.0 1 ±0 .42 3 3 .9 6±0.00 3 3 .22±0.26 3 3 .23±0.4I 3 5 .2 1 ± 1 .44 
FeO 4 .23±0 . 08 3 .22±0.05 3A7±0 . 1 3  3 .4 9±0 . 1 6  1 . 83±0 . 68 
MnO 0 . 03±0 . 02 om ±0 .0 1 0 . 03±0 . 02 0.0 3±0.03 0 . 03±0 . 03 
MgO 1 . 03±0 . 09 0 .62±0.0 1 0 . 83±0 . 05 0.75±0 .05 0 . 85±OA1 
CaO 0 . 04±0.02 bdl 0 . 0 1 ±0 . 0 1  bdl 0 . 0 1 ±0 . 02 
Na20 0 . 34±0 .07 0.24±0.0 1 OA2±0 . 04 0.60±0 .05 0 . 65±0 . 1 8  
K20 1 O. 50±0.23 1 1 .04±0 . 1 4  1 1 .30±0 .20 1 O.28±0.28 lOA4±0 .26 
F 0 . 08±0 .07 bdl 0 . 1 O±0 . 02 0.0 3±0.03 0 . 58±0 .32 
Cl 0 . 02±0 . 0 1  0 .02±0.0 1 0 . 0 1 ±0 . 0 1  bdl nd 
Total 94 . 3 5±0.52 94 .0 1 ±0 .05 95. 00±0 . 99 94.68±0.48 95. 58±0.4 1 
OJ_Cl 0 . 04±0 .03 om ±O.OI 0 . 04±0 . 0 1  0 .0 1 ±0.0 1 0 .24 
CTotal 94 . 3 1 ±0 . 52 94 .0 1 ±0 .05 94 .95±0 . 99 94.67±0.49 95 .24 
Structural fonnulae calculated on basis 22 0 
S i  6 .22 6 .07 6 . 1 1  6 . 1 6±0.05 6 . 09 
AIIV 1 . 78 1 .93 1 . 89 1 .84±0.05 1 . 9 1  
Sum-T 8 . 00 8 .00 8 . 00 8.00±0 .00 8 . 00 
AIVl 3 . 3 8  3 .55 3 A5 3 .4 7±0 .06 3 . 65 
Ti 0 . 07 0 .07 0 . 07 0.09±0 .03 0 . 06 
Fe
2+ OA9 0.37 OAO 0 .4 0±0 . 1 8  0.2 1 
Mn 0 . 00 0 .00 0 . 00 0.00 0 . 00 
Mg 0.2 1 0 . 1 3  0 . 1 7  O. 1 5±0.0 1 0 . 1 7  
Sum-B 4 . 1 5  4 . 1 2  4 . 09 4 . 1 1 ±0 . 04 4 . 09 
Ca 0 . 0 1  0 .00 0 . 00 0.00 0 . 00 
Na 0 . 09 0 .06 0 . 1 1  O. 1 6±0.0 1 0 . 1 7  
K l.84 l.93 1 . 96 1 .78±O. 1 3  1 . 79 
Sum-A 1 . 94 1 .99 2 . 07 1 .94±0 . 1 2  1 . 96 
CF 0 . 07 0 .00 0 . 08 0.0 3±0.03 OA9 
CCI 0 . 0 1  om 0 . 0 1  0 .00 0 . 00 
0 . 70 0 .75 0 . 70 0.72±0.02 0 . 55 
References as in Table 2a for the plagioclases in PRG 1 .  C= calculated. LFD = late feIsic dyke. Wl'vf = white mica. nd =not detennined. 
a White micas in Tuani Granite unit (cordierite-bearing granitoids), database from DahIquist et aL (2005b). 
b White micas in andaIusite-bearing granitoids, database from CIarke et aL (2005). 
C Representative composition of white mica (used in geothermobarometry and fractional crystallization model using maj or oxides, which result 
from the average of 4 samples (explanation in Section 7 ) .  
crystallization age of the granitoid, analysis spots were 
in the non-luminescent rims. such 
were canied out 4) and are in 
a Tera-Wasserburg diagram (Fig. 1 0) .  Eliminating two 
results in which inheritance had clearly not been fully 
the remaining six data points give a well-
defined crystallization age of 469 ±4 Ma c. l .  error, 
MSWD =0.7). This dates of the Pefion 
Rosado within the Mid-Ordovician to 
Gradstein et aI. (2004), and to 
Llanvim in traditional str,ltlf�ral)hlCal tenns. This age is 
ofFamatinian granitoids (pankhurst et aI. ,  1 998, 
5. Isotopic geochemistry 
The Pefion Rosado granite has high initial range 
87Sr/86Sr ratios from 0.708 14 to 0.71093 and negative 
B(Nd)t values from - 5 .0 to - 5.9 (Table High Nd 
ages of 1 .59 to 1 .65 Ga 5) were obtained 
multistage model ofDePaolo et aI. ( 1991 ) .  These IS01toPllC 
data indicate that the magma was prcmatHy 
Table 3 
Representative major and trace element data of the Pefi6n Rosado granite and metaluminous granitoids in Cerro Asperecito 
Igneous 
facies 
S ample 
Lithology 
wt. % 
Si� 
Ti02 
MnO 
MgO 
CaO 
Na20 
K20 
P20S 
LOI 
Total 
ppm 
Cs 
Rb 
Sr 
Ba 
La 
Ce 
Nd 
Pr 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
U 
Th 
Y 
Nb 
Zr 
Hf 
Ta 
Ga 
Ge 
AS] 
Igneous facies 
S ample 
Lithology 
wt. % 
Si� 
Ti02 
Peii6n Rosado granite 
PRG 1 PRG2 
VCA-7079 ASP- 1 08 
Garnet-Tdh Garnet-Tn 
6 5 .70 
0 .20 
1 8 .95 
2.7 ] 
0.44 
0 .84 
4 . 1 1  
5 .32 
1 . 1 0  
0 .05 
0 .63 
1 00 .05 
3 .3 0  
4 9 .00 
248.00 
1 07 .00 
1 7 .40 
3 6 .80 
] 1 .00 
3 . 1 9  
1 .98 
1 . 1 0  
1 .52 
0 .40 
3 .83 
1 . 1 0  
4.38 
0 .90 
6 .54 
1 . 1 6  
0.9 ] 
4 .60 
32. 1 0  
7 .70 
1 1 7 .00 
3 .3 0  
0 .49 
2 0 .00 
1 .40 
1 . 1 0  
70.40 
0 . 3 3  
1 4 . 57 
3 .4 ]  
0 . 1 0  
1 . 1 0 
3 . 66 
3 . 1 2 
1 . 77 
0 . 1 5  
0 . 55 
99. 1 6  
2 . 82 
73 .48 
2 1 4 . 00 
360.87 
3 6 . 65 
74 .56 
29 .44 
7 . 77 
5 . 63 
1 . 1 7 
4 .48 
0 . 67 
3 . 34 
0 . 63 
1 . 86 
0 .27 
1 . 67 
0 .28 
0 . 98 
] 1 . 1 2 
1 4 . 85 
1 4 .44 
127.68 
4 . 0 1  
0 . 62 
1 4 . 83 
1 . 65 
1 . 09 
Pefi6n Rosado granite 
PRG2 
ASP-lll 
Garnet-Mg 
74 .57 
0 . 03 
ASP- 1 1 4 
Garnet-Tn 
70 .80 
0 .27 
1 4 .63 
2 .99 
0 . 1 0  
0 .9 1  
3 . 1 8  
3 .46 
2 . 1 2  
0 . 1 1 
0 .40 
98 .97 
1 .88 
8 1 .89 
200.90 
392.35 
3 8 . 1 9  
77 .83 
3 0 . 1 7  
8 .08 
6 .05 
1 .2 1  
5 .23 
0 .90 
5 .04 
1 .06 
3 .2 1  
0 .48 
2 .88 
0 .46 
1 .3 5  
1 2 . 5 ]  
2 5 . 3 8  
1 1 .49 
1 1 9 .49 
3 .88 
0 .73 
1 4 .87 
2 .05 
1 .08 
ASP-2 1 8  
Garnet-Mg 
75.66 
0 . 04 
ASP-2 1 6  
Gamet-Tn 
7 1 .44 
0 .28 
] 5 .32 
3 .2 1  
0 . ] 4  
0 . 93 
3 . 66 
3 .40 
1 . 83 
0 . 1 4  
0 . 3 9  
1 00 . 64 
2 .20 
66.00 
202 . 00 
3 1 6 . 00 
20.90 
43 .4 0  
4 . 76 
1 7 .80 
3 . 59 
0 . 95 
3 . 3 6  
0 . 58 
3 . 7 1  
0 . 84 
2 . 77 
0 .46 
3 . 1 7  
0 . 50 
0 . 85 
7 . ] 7  
22 .70 
1 1 . 70 
1 09 . 00 
3 . 1 0  
0 . 84 
12 .00 
1 . 60 
1 .40 
LFD 
ASP-I12 
Garnet-FR 
74 .8 1 
om 
PRG3 
ASP-2 1 5  
Garnet-Mg 
73 . 98 
0 . 1 2  
] 4 . 75 
1 .44 
0 . 09 
0 .40 
2 . 03 
3 . 50 
3 . 55 
0 . 08 
0 . 3 9  
1 00 . 32 
2 . 1 0  
86.00 
1 52 . 00 
6 0 1 .00 
1 3 .00 
27.50 
3 . 00 
1 1 . 00 
2 .45 
0 . 79 
2 .42 
0 .43 
2 . 68 
0 . 56 
1 . 73 
0 .29 
1 . 93 
0 .28 
0 . 79 
4 . 72 
1 6 . 3 0  
5 .20 
56.00 
1 . 90 
0 . 3 3  
1 0 .00 
1 . 80 
1 . 1 3 
ASP-2 1 7  
Garnet-Mg 
74 .34 
0 . 1 0  
] 4 . 75 
] .42 
0 . 08 
0 . 3 3  
1 . 59 
3 . 34 
4 . 03 
0 . 09 
0 . 6 1  
1 00 . 69 
1 . 60 
97.00 
1 05 . 00 
3 9 1 .00 
1 2 . 3 0  
26.90 
2 . 95 
1 1 . 60 
2 . 73 
0 . 63 
2 . 74 
0 . 54 
3 .29 
0 . 65 
1 . 95 
0 . 3 1 
2 . 00 
0 .29 
1 . 3 5  
4 . 82 
1 9 . 1 0  
4 . 90 
46.00 
1 . 70 
0 .28 
1 0 .00 
1 . 80 
1 . 1 2 
Metaluminous suites 
TnlGd 
6 1 . 99±0 .98 
0 . 72±0 . 1 1 
ASP-2 1 4  
Gamet-Mg 
74 .38 
0 . 1 5  
1 4 .00 
1 .90 
0 .08 
0 .48 
2.42 
3 .45 
2 .84 
0 .08 
0 .86 
1 00 .64 
2 .20 
78.00 
1 48 .00 
447 .00 
1 7 .60 
3 6 .80 
4 .09 
1 5 .30 
3 .43 
0 .80 
3 .47 
0 .65 
3 .88 
0 .78 
2 .4 1  
0 .38 
2 .53 
0 .38 
1 . 1 1  
6 .40 
24.20 
7 .00 
82 .00 
2.30 
1 .3 7  
1 3 .00 
2 .40 
0 .93 
ASP- 1 1 9  
Mg 
73 .8 1 
0 . 1 4  
Table 3 ( continued) 
Igneous facies Pefi6n Rosado granite Metaluminous suites 
PRG3 LFD 
S ample ASP- Ill ASP-218 ASP-I 12 Averagea ASP- 1 1 9  
Lithology Gamet-Mg Gamet-Mg Gamet-FR Tn/Gd Mg 
wt. % 
Ah03 14.33 14.62 14.09 15.89±0.24 13.96 
Fe:tO� 0.81 0.78 0.72 7.07±0.48 1.60 
MnO 0.09 0.05 0.22 0.13±0.01 0.04 
MgO 0.14 0.12 0.07 2.67±0.13 0.32 
CaO 1.09 1.12 2.51 5.05±0.41 0.92 
Na20 3.38 3.39 4.53 2.50±0.28 2.91 
K20 4.81 4.55 1.66 2.19±0.31 5.36 
P20S 0.09 0.09 0.07 0.21±0.04 0.21 
LOI 0.59 0.48 0.29 0.98±0.14 0.65 
Total 99.93 100.90 98.98 99.40±0.54 99.92 
ppm 
Cs 1.79 5.00 0.80 4.65±1.13 8.68 
Rb 149.17 123.00 40.60 98.92±17.7 243.21 
Sr 52.64 64.00 126.13 182.00± 13.2 54.49 
Ba 170.16 217.00 207.29 360.29± 73.4 226.29 
La 3.83 5.24 8.24 27.78±2.69 26.45 
Ce 8.05 11.40 14.06 59.47 ±4.45 56.25 
Nd 3.12 1.27 4.52 22.29± 1.30 22.35 
Pr 0.83 5.73 1.32 5.80±0.30 5.99 
Sm 0.99 1.48 1.00 4.61±0.58 5.52 
Eu 0.36 0.40 0.62 1 1O±0.16 0.67 
Gd 1.18 1.64 0.96 3.84±0.94 4.85 
Tb 0.27 0.34 0.24 0.66±0.19 0.9 
Dy 1.94 2.27 1.85 3.98±0.85 5.00 
Ho 0.39 0.44 0.48 0.79±0.20 0.90 
Er 1.36 1.33 1.92 2.32±0.62 2.54 
Tm 0.24 0.23 0.39 0.33±0.09 0.36 
Yb 1.62 1.48 2.84 2.06±0.34 2.07 
Lu 0.26 0.21 0.49 0.31 ±0.08 0.30 
U 0.89 1.05 0.55 0.76±0.24 2.23 
Th 0.94 1.95 1.49 6.68 ± 1.45 12.32 
Y 10.37 13.00 11.57 20.58±4.05 24.26 
Nb 7.63 3.60 3.03 9.89±0.83 16.87 
Zr 28.35 19.00 31.58 180.30 ± 64.3 87.07 
Hf 1.27 1.00 1.58 4.58± 1.21 3.17 
Ta 0.27 0.30 0.08 0.53±0.04 1.56 
Ga 12.29 10.00 11.55 17.60 ± 1.33 16.70 
Ge 3.41 2.40 3.25 1.67±0.31 2.12 
ASI 1.14 1.05 1.03 1.05 1.19 
All maj or element oxides were analysed by ICP and trace element were analysed by ICP-MS in ACTLABS Canada. Total iron as Fe203; major element 
oxides in wt. %, trace element in ppm. Abbreviations: T dh =trondhj emites; Tn = tonalites; Gd = granodiorites, Mg= monzogranites; FR: felsic rocks; PRG: 
Peii6n Rosado granite; LFD = late felsic dykes; LOI = 10 ss on ignition; bdl = below detection limit; nd = not determined. ASI = aluminium saturation index. 
a Average from 5 samples. Samples from metaluminous suite in Cerro Asperecito are projected in Fig. 7a and b .  
derived partial melting of older lithosphere (middle 
crustal?), with negligible asthenospheric contribution. 
6. Petrogenetic model 
In order to define the main differentiation process 
during the crystallization, we have assessed two 
mathematical models as discussed below. 
6.1. Fractional Cr}'stuUII�::atjWn model based on 
oxides 
On the basis of the preceding observations (see 
Section 3 .4.) it was assumed that the main mechanism 
of differentiation was fractional ill a 
closed without contamination of the 
magma during its evolution. The ImCW:)illmrlg mineral 
a 
An 
Ab 
• PAG 
• MAG 
• SCh 
BPS 
D-LF \ 
- -� Metaluminous trend 
Or 
b 
1 00 
- - � Metaluminou5 Irend 
� Pefl6n Rosado granite 
trend 
Peralurninous d 
-;- 50 (.J 
N + (!I 
Z 0 + 
� 
I 
� -50 11 
<C 
-1 00 
50 1 00 1 50 200 250 300 
B=Fe+Mg+Ti 
Fig. 7. (a) GranitDids plotted in terms of Ab An Or (Barker, 1 979), showing different metaluminous trends and Peiion Rosado granite trend. (a) 
SCh�Sierra de Chepes metaluminous trend from Dahlquist et al. (2005 a), including MME, Tn Gd,GP, and Mz. MAG� metaluminous AsperecitD 
granitoids, including Tn and Mz (data in Table 3); (b) BPS �Boggy Plain Metaluminous Supersuite, Lachlan Fold Belt, from Wyborn et al. 
(1 987), including Gd, Ad, and Mz; (c) D-LF� Calc-alkaline metaluminous suites from the database ofDebon and Le Fort (1 983), including QD, 
MD , Tn, Gd, Ad, and Mz. The number next tD each rhombus corresponds to the specific PRG facies in the Peiion Rosado granite. PRG1 (VCA-
7079), Si02� 65.70%; PRG2 (average 3 samples), Si02�70.88%; and PRG3 (average 5 samples), Si02�74.59%. QD � quartz diorite, 
MD � monzodiorite, MME�mafic microgranular enclaves, Tn �tDnalites, Gd � granodiorites, GP� porphyritic granodiorites, Ad � adamellites, 
Mz �monzogranites. (b) A B diagram after Debon and Le Fort (1983) and Villaseca et al. (1 998), showing overall major element variation for the 
different metaluminous suites of (a) References in (a) I S boundary line taken from Villaseca et al. (1 998). Two different compositional domains 
are shown in the diagram, according to Debon and Le Fort (1983): with metaluminous area A <0 and peraluminous area A>O. Fields are: f-p-g 
(felsic peraluminous granitoids); h-p-g (highly peraluminous granitDids); m-p-g (moderately peraluminous granitDids); and l-p-g (low 
peraluminous granitDids). 
assemblage in PRG 1 is dominated by plagioclase 
(Table 1 and Fig. 8), with a significant change to 
produce the inflexion at � 71 % Si01, coinciding with 
the switch to PRG2. Many authors have interpreted 
such abrupt inflections in element abundances as 
evidence for fractional crystallization as the principal 
process of magmatic differentiation (McCarthy and 
Robb, 1978; McCarthy and Groves, 1979; Rapela and 
Shaw, 1979; Chappell, 1 997). Thus, during the 
crystallization of the PRG 1 facies, large amounts of 
plagioclase were extracted yielding the increased 
concentration in this facies of, e.g., CaO, Na10, 
Al103, and Sr. Subsequently, voluminous biotite 
crystallization (together with apatite and monazite as 
distinctive accessory minerals) is verified in the PRG2 
facies (Table 1), yielding the increase in FeOt, MgO, 
Ti01, and P10S (Fig. 8). As outcome of the 
fractionation of these elements in the PRG 1 and 
PRG2 facies, they are depleted in the SiOrrich rocks 
of PRG3 and the felsic late dykes (Fig. 8). The 
enrichment of K20 and the trace element (Rb, Sr, Ba) 
inter-relationships shown in Fig. 8 for PRG3 indicate 
that ablllldant alkali feldspar appears in this facies after 
total crystallization of PRG2 (McCarthy and Robb, 
1978; Rapela and Shaw, 1979). 
Samples were chosen for use in fractional crystal­
lization model taking into account textural relation­
ships and both whole-rock and mineral chemistry. 
Thus, the V CA-7079 composition was assumed to 
represent the early crystallization of the PRG 1 facies 
and the average composition of ASP-I 08, 114, and 
216 was taken as the resultant evolved melt (PRG2); 
the parental magma from which PRG 1 rocks ac­
cumulated to produce the differentiated PRG2 facies 
magma is considered as being composed of 30% of 
the former and 70% of the latter. A 30:70 mixture 
was chosen as representative of the parental magma 
because this yields the best fit in the fractional 
crystallization model (in the next section, this pa­
rental magma composition is also tested in a frac­
tional crystallization model using REE). Least-square 
regression methods for modelling the segregation of 
crystallizing minerals (Bryan et aI., 1969; Walker and 
Can, 1986) were performed using rGPET program 
(Carr, 1998). Details of the calculations and the 
results are shown in Table 6 and Fig. 8. The frac­
tional crystallization calculation shows a very accep­
table ""2.,R2 value (= sum of the squares of the 
residuals) for plutonic rocks (Dahlquist, 2002; 
Gomes and Neiva, 2005), and the calculated modal 
value of the early crystallized is similar to that of the 
sample analysed by electron microprobe (VCA-7079, 
PRG 1 facies, Table 6). Nevertheless, the natural var­
iables involved during magma crystallization in plu­
tonic systems means that the numerical results of 
modelling (e.g., relative percentages of fractionating 
minerals) should be taken as no more than approx­
imations to reality. 
6.2. Fractional crystallization model based on trace 
elements 
The same samples were also used for a trace element 
fractional crystallization model and geothermobarome­
try determinations (see Section 7). A quantitative trace 
element model was developed to compare the observed 
composition of the PRG2 with those obtained by calcu­
lation using the approach of Hansol1 (1978). The 
concentration of any trace element in the differentiated 
melt (cL) relative to that in the parent melt (Co) during 
fractional crystallization is given by the Rayleigh 
fractionation law: 
CL = Co ' F(D-I ) 
where F is the fraction of melt remaining and D is the 
bulk distribution coefficient of the fractionating assem­
blage, given by D= ""2.,Xi · Ki, where Xi is the proportion 
of each mineral, and Kill is its mineral-melt partition 
coefficient. F= 0.55 as well as the initial concentration 
of REE elements were chosen from the results obtained 
in the previous section and both are shown in Table 7. Ki 
was assumed to be constant during the crystallization 
process; the values used and other details are fOllllded in 
Table 7. There is a close correspondence between the 
observed and calculated values of CL (differentiated 
melt) and CS (cumulate), as is evident in Fig. 9. 
Both fractional crystallization models using major 
oxides or trace element are consistent with PRG 1 being a 
cumulate assemblage and PRG2 a differentiated melt, 
each derived from the hypothetical parental magma 
postulated here. Thus, the fractional crystallization was 
the main differentiation process in the Pe:fion Rosado 
granite. 
7. Geothermometers and geobarometer applicable 
to Pefion Rosado granite 
The texture and composition of garnet in the Pe:fion 
Rosado granite (Table 2c) are similar to those reported for 
typical magmatic garnet in granitic plutons (see Section 
3.3 and discussion below). PRGl biotites with high Mn 
contents (Table 2d) are typical of those crystallizing 
together with Mn-rich garnet (Leake, 1967; Miller and 
Stoddard, 1981). This suggests an equilibrium relationship 
between these two mineral phases, which were therefore 
used for geothermobarometric calculations. Anderson 
(1996) provided relevant recommendations for the use of 
the thermometer and barometer in igneous rocks and con­
cluded that the Ganguly and Saxena (1984) geotherm­
ometer, using the Fe +2 and Mg partition between garnet 
and biotite, is the most robust version to accOllllt for the 
effects of high Mn, when CaO < 10%. The R2 geobarom­
eter model of Hoisch (1990) was used to calculate 
pressure, requiring the equilibrium crystallization of 
quartz, garnet, biotite, and plagioclase. The R3 model 
requires the crystallization of garnet, muscovite, quartz, 
and plagioclase minerals, whereas the R4 model requires 
crystallization of five mineral phases such as quartz, 
garnet, biotite, muscovite, and plagioclase. R3 and R4 
yield unrealistic results, probably because the white mica 
compositional range of these models (Hoisch, 1990) does 
not correspond closely to that observed in the PRG 1 facies. 
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Fig. 9. Chondrite-norrnalized rare-earth element patterns for the Peil.6n Rosado granite. Results from the fractional crystallization model (empty rlwmbus, 
cross and circle) are shown in the figure and later explained in Section 62. The close agreement between observed :and calculated patterns supports a 
fractional crystallization process. Chondrite concentrations according to Nakarrn:ira (1974). Th, Ho, and Tm are according to Boynton (1 984). 
7. 1 .  Calculated temperature and pressure 
Compositional maps and zoning profiles of garnet in 
the PRG1 fucies show three distinctive zones: a) central 
zone, b) intermediate compositional zone, and c) marginal 
rim zone, with a progressive increase in :MnO (Fig. 5). The 
wide central zone was used to define the temperature of 
major garnet crystallization in this fucies; an average of 7 
representative analyses was used in combination with the 
average of 4 representative analyses from biotites (Table 
8). The calibrations used here (Ganguly and Saxena, 1984; 
Hoisch, 1990) are funLtions of both pressure and the 
temperature. Therefore, they were solved by iteration, 
where the temperature obtained from the geothermometer 
was recalculated until it satisfied the pressure obtained 
from the geobarometer. The resultant temperature and 
pressure (T=784 GC and P=5.9 kb, Table 8) are consistent 
with crystallization of garnet and biotite under magmatic 
conditions. The generally accepted intersection of the 
granite solidus curve with experimental curves for the 
reaction 
Ms + Qtz = KfS + Al - silicates + H20 
would suggest a depth of crystallization for muscovite in 
granitic magmas of at least 10 14 km (approximately 3 
4 kb), and is consistent with the geobarometric result In 
addition, estimated P and T using TWQ (Berman, 1991) 
and the activity composition model for garnet (Ber:man, 
1990) and biotite (McMullin et al., 1991) reveal very 
similar conditions (T=792 QC, P= 6.0 kb; Table 8) to 
those obtained from the calibrations Ganguly and Saxena 
(1984) and Hoisch (1990). Finally, zircon saturation 
temperatures (Tb) calculated from bulk-rock composi­
tions using the equation of Miller et aL (2003), yield a 
similar initial temperature of crystallization of 764 QC 
(Table 8). This Tb value is typical of granites rich 
in inherited zircon (average using 22 granitic samples= 
766±24 GC, Miller et al., 2003). The results shown in 
Table 8 are reasonable for granitic bodies emplaced in a 
migmatitic high-grade terrane with a biotite sillimanite 
association, indicating that the garnet and the sheet 
minerals have a certain magmatic origin. 
8. Petrogenesis of the Peiiim Rosado garnet pluton 
8.1 .  Interpretation from petrography tmd mineral 
chemistry 
Previous descriptions of Mn-rich garnets from felsic 
granitic rocks have recorded both types of zoning seen in 
Fig. 8. Harker variation diagrams showing the main trend defined by the different facies and Ba, Sr, Rb inter-relationships for the Pei\6n Rosado 
granite. Results from the fractional crystallization model (rllombus :and empty cross) are shown in this figure and later explained in Section 6 . 1 .  
Rhombus and empty cro ss  represent calculated parental magma and early crystallized respectively. 
the Pe:fion Rosado granite (S ection 3.3). Two main factors 
are opemtive in the formation of zoning: (a) the chemical 
potential (p) value of the MnO component in the solid 
phase (garnet) relative to the chemical potential value of 
the MnO component in the melt phase, and (b) Mn 
diffusion within the crystal (Yardley, 1977; Manning, 
1983; Spear, 1993). Taking the Gibbs free energy (see 
Ghiorso and Carmichael, 1987) for garnet saturation, we 
have for the crystallization reaction liquid --->- solid: 
I1G - "Gamet _ . ,Melt r-lvfnO I1lvfnO 
so that if garnet is stable: 
"Gamet < . ,Melt 
r-lvfnO I1lvfnO 
(1) 
(2) 
(or KD> 1 ,  with Mn behaving as a trace element; e.g., 
Hollister, 1966; Atherton, 1968; Manning, 1983). 
Because garnet crystallized throughout the crystal­
lization sequence, expression (2) can be assumed as 
generally valid (our current understanding of the thermo­
dynamics of silicate melts does not allow computation of 
the activity ofMn-bearing components in the melt, which 
vary as a function of P Tand the mole fraction for every 
phase). Therefore, diffusion is the main variable to be 
0.0595 ...:-------
0.0585 560 
0.0575 207 Pb 
206Pb 
540 
0.0565 0 
Penon Rosado granite 
(VCA-7079) 
0.0555 469 ± 4 Ma 
MSWD = 0.7 
taken into account As explained by different authors (e.g., 
Leake, 1967; Clarke, 198 1; Manning, 1983) garnet zoning 
is an intrinsic feature of the growth mechanism and is 
controlled by the mte at which the necessary constituents 
(mainly Mn and Fe in our case) can diffuse to, and within, 
the growing crystaL As shown by various authors (e.g., 
Yardley, 1977; Spear, 1993), diffusion becomes exponen­
tially more rapid with increasing temperature and 
diffusion mtes for Mn in garnet are negligible below 
about 640 ±30 QC (Yardley, 1977; Manning, 1983; 
Harrison, 1988), but self-diffusion of the Mn cation in 
spessartine almandine garnet above � 700 QC is 
sufficiently mpid to eliminate any compositional zoning 
during growth. Thus, the wide homogenous central zone 
(spessartine avemge=28.96% for garnets in PRGl and 
23.11 % in PRG2) implies crystallization at tempemtures 
above � 700 QC, whereas the Mn emichment in the 
marginal rims (spessartine average= 39.18% in PRG 1 and 
26.16% in PRG2) is due to retention and accumulation 
(negligible diffusion) of Mn during late crystallization at 
low temperatures (i.e., below � 700 QC, Fig. 5). The 
intermediate compositional zone of garnets in PRG 1, with 
a spessartine range between 32.11 and 33.39%, may 
represent growth between � 700 and 600 QC with rapidly 
data·polnt error ellipses are 68.3% coni 
0.0545 L..-__ '--__ L..-__ '--__ L..-__ '--__ L..-____ ---I 
1 0.5 11 .5 1 2.5 1 3.5 1 4.5 
Fig. 1 0. Tera Wasserburg diagramg for the Peiion Rosado granite (VCA-7079, PRG1 facies), error ellipses are 1; shaded points are excluded from the 
age cal cul an on. 
Table 4 
Summary of SHRIMP U-Pb zircon results for sample VCA-7079 
Grain. U Th Th/U 2°6pb* 2 04pbPo6pb f206 Total Radiogenic Age (Ma) 
spot (ppm) (ppm) (ppm) % 238Up°6pb ± 207pbP°6pb ± 2°6pbP38U ± 2°6pbP38U ± 
l . l  863 42 0 .05 56.3 0 .000035 0 .0 1  1 3 . 1 6 5  0 . 1 36 0 .0566 0 .0003 0 .0759 0 .0008 47 1 .9 4 .8  
2 . 1 747 39 0 .05 48.9 0 .00003 1 0 .02 1 3 . 127 0 . 1 37 0 .0567 0 .0004 0 .0762 0 .0008 473 .2 4 .8  
3 . 1  650 20 0 .03 42 .3 0 .0000 1 1  0 . 1 7  1 3 .204 0 . 1 39 0 .0579 0 .0004 0 .0756 0 .0008 469.8 4 .8  
4 . 1 77 1 68 0 .09 52 . 1  0 .000029 <0 .0 1  12 .732 0 . 1 34 0 .0559 0 .0003 0 .0786 0 .0008 488.0 5 .0  
5 . 1 744 34 0 .05 48.0 0 .000022 <0 .0 1  1 3 .308 0 . 1 39 0 .0562 0 .0004 0 .0752 0 .0008 467 . 1  4 . 8  
6 . 1 457 1 9  0 .04 29.5 0 .000096 <0 .0 1  1 3 .309 0 . 142 0 .0562 0 .0005 0 .0752 0 .0008 467 . 1  4 . 9  
7 . 1 1 007 48 0 .05 64 .3 0 .000030 <0 .0 1  1 3 .449 0 . 1 39 0 .0563 0 .0003 0 .0744 0 .0008 462 .3 4 .7  
8 . 1 5295 33 0 .0 1  39 1 .4 0 .000006 <0 .0 1  1 1 .62 1 0 . 1 1 7  0 .0566 0 .0002 0 .0862 0 .0009 533 . 1  5.2 
Notes : l . Uncertainties given at the one s level. 
2. Error in FC l reference zircon calibration was 0 . 1 6% for the analytical session (not included in above errors but required when comparing data from 
different mounts). 
3 .  f206 
% denotes the percentage of2°6pb that is common Pb. 
4. Correction for common Pb made using the measured 238Up°6pb and 207pbP06Pb ratios following Tera and Wasserburg ( 1 972) as outlined in 
Williams (1 998) . 
decreasing Mn diffusion. Similarly, the ill1Zoned garnets 
in PRG3 involve clystallization at temperatures above 
� 700 °C and high Mn diffusion, and the absence of Mn 
enrichment in the rims suggests that crystallization ceased 
above � 700 °C. Thus the zoning profile of garnet in 
PRGl, as well as the geothermobarometric calculations 
(Table 8), indicate major garnet crystallization from a 
granitic magma at middle pressures (6 kb) and moderate­
low magmatic temperatures (764-792 CC) (Figs. 5 and 
11). Remarkably, this is the main reason for which a 
"spessartine inverse bell-shaped profile" or unzoned is 
expected for magmatic garnets crystallizing above 
� 700 °C, and "spessartine bell-shaped profile" for Mn­
rich garnets growing under low-grade metamorphic 
Table 5 
Rb-Sr and Sm-Nd data for different facies in Peii6n Rosado granite 
Si�(wt.%) Age (Ma) Rb 
Peii6n Rosado granite (t=469 Ma) 
PRG 1 (VCA-7079) 65 .70 469 49 
PRG2 (ASP- l 08) 70 .40 469 73 
PRG2 (ASP- 1 14) 70 .80 469 82 
LFD (ASP- l l2) 74 .57 469 4 1  
Si02 (wt.%) Age (Ma) Srn Nd 
Peii6n Rosado granite (t= 469 Ma) 
Sr 
248 
2 1 4  
200 
126 
PRG 1 (VCA-7079) 65.70 469 2 .0  1 1 .0 0 . 1 088 
PRG2 (ASP- l 08) 70.40 469 5 .6  29.4 0 . 1 1 58 
PRG2 (ASP- 1 14) 70.80 469 6 . 1 30 .2 0 . 12 1 1 
LFD (ASP- l l2) 74 .57 469 1 .0 4 .5  0 . 1 3 3 7  
conditions or crystallizing below � 700 °C in very felsic 
magmas (i.e., Si02 =73-76%; Leake, 1967; Miller and 
Stoddard, 1981; Marming, 1983). 
In the KFMASH system, a classic reaction proposed 
for the anatectic generation of peraluminous partial melt 
from metagreywackes (Vielzeuf and Holloway, 1988) 
(Fig. 11) is 
PI + Bt + Sil + Qtz = GrtMET/CrdMET + Kfs + melt (3) 
The lack of metamorphic garnet and cordierite in 
the exposed migmatitic gneiss of Cerro Asperecito (in 
which the Pe:fion Rosado granite was emplaced) 
suggests that the parental magma was derived from 
unexposed metamorphic basement. 
8�bPSr (87Sr/86 Sr)
tD day 
(87Sr,6Sr)t eSr(t) 
0 .5720 0.7 1 4749 0 .7 1 0926 99 . 1 2  
0 .9877 0.7 1 5628 0 .709027 72 . 1 5  
l . l 872 0.7 1 6072 0 .708 1 3 8  59 .52 
0 .9423 0.7 1 6429 0 .7 1 0 1 32 87 .84 
0 .5 1 2068 0 .5 1 1 733 - 5 .9 1 .65 
0 .5 1 2 1 04 0 .5 1 1 747 - 5 .6 1 .63 
0 .5 1 2 148 0 .5 1 1 776 - 5 .0 1 .59 
0 .5 1 2 1 69 0 .5 1 1 758 - 5 .4 1 .62 
The decay constants used in the calculations are the values 187Rb= 1 .42 x 10 1 1  and 1147Sm= 6.54 x 1 0  12 year 1 recommended by the lUGS Sub commis ion 
for Geochronology (Steiger and liiger, 1977). Epsilon-Sr (eSr) values were calculated relative to a uniform reservoir present day: (8�b/87 Sr)tDday UR = 0.0827; 
(87Sr,6Sr)tDdayUR = 0 .7045. Epsilon-Nd (eNd) values were calculated relative to a chondrite present day: C43Nd/144Nd)tDday CHUR = 0 .5 1 2638; 
C43Sml1�d)tDday CHUR =0 . 1967. 
t=time used for the calculation of the isotopic initial ratios. TDM* = calculated according to DePaolo et al. ( 1 99 1) . PRG= Peii6n Rosado granite . The 
numbers indicating facies 1 and 2. LFD= late felsic dykes. 
Table 6 
Results of fractional crystallization model for the Peii6n Rosado granite 
Calculated weight fractions (%) in the Calculated extracted phases in the early Minerals utilized in the calculation Modal values from 
parental magma crystallized (modal %) 
26. 1 0  58.70 
]2 .20 27.50 
4 .20 9.50 
1 . 1 0 2.3 0 
0 .80 2.00 
Si02 Ti� Ah03 FeOtDtaJ 
(VCA-7079)a VCA-7079b 
Plagioclase Plagioclase . . . . . . .  64 .20% 
Quartz Quartz . .. . .. . . . .  24 .90% 
Biotite Biotite . . . . . . . . . . . . . .  5 .40% 
Muscovite White mica . . . . . . .  2 .20% 
Garnet Garnet. . . . . . . . . . . . . . .  l .80% 
MnO CaO Na20 K20 P205 
Weightfractions (%) of magma remaining with a composition equal to PRG2 (daughter magma) = 55. 3 
Parental magmaC 69.33 0 .26 1 6 .07 2 .74 0 .2 ]  0 .94 3 .68 3 .93 1 .67 0 . 1 1  
Detennined parental magma 70.07 0 .26 1 6 .24 2 .77 0 .2 ]  0 .95 3 . 72 3 .97 1 .69 0 . 1 1  
Calculated parental magma 70.07 0 .27 1 6 .25 2 .76 0.22 0 .99 3 . 74 3 .93 1 .67 0 .07 
0 .00 - om - om 0 .02 - om - 0.04 -0 .02 0 .05 0 .02 0 .05 
Lk = O. 007 
Early crystallized 
Early crystallized � " aJ.v ULa,,",, ... ) 
65.70 
67.03 
0 .20 
0.24 
1 8 .95 
] 7 .52 
2.44 
2 .48 
0.44 
0.33 
0 .84 
0 . 9 ]  
4 . 1 1  
3 .97 
5 .32 
4 .60 
1 . 1 0  
1 .32 
0 .05 
nd 
Determined and calculated parental magma compositions were obtained using IGPET program (Carr, ] 998) . This program makes fractional 
crystallization calculations using least-squares regression of the major elements, after Bryan et al. ( 1 969) . 
2.lf= sum of the squares of the residuals. 
a Mineral chemistry in Table 2. The samples are: plagioclase average with n =4, garnet average with n = 7, biotite average with n = 4, white mica 
average with n= 5 and quartz (one analyses) : Si02= 98.26%, FeO = 0.03%, Na20=0 .0 ] %, K20 = 0.03%. 
b Modal proportions in Table ] .  
C Daughter magma is the resulted of th e  average between ASP- 1 08, ASP- 1 l4, and ASP-2 1 6  (pRG2); parental magma is derived from simple 
mixing of early crystallized (30% VCA-7079, PRGl ) and daughter magma (70%, PRG2), and early crystallized is represented by VCA-7079. All 
data in Table 3 .  
d 2,(proportion modal x mineral chemistry used in the calculation). 
The petrological and evidence indicates 
that the appearance of garnet in Pefi6n Rosado granite 
result of the direct nucleation and subsequent 
lization from the magma, as indicated 
other authors for garnet in felsic gramt(�s 
(e.g. ,  Clarke, 1 98 1 ; du 1 988 ;  Harrison, 1 988 ;  
Kebede et aI . ,  2001 ). Therefore, the  reaction most 
!-'-'- V UUU1'-' for is (Fig. 1 1 ) 
+ Other Solid Phases. 
The compositional data and the conditions 
of crystallization in this work for solid 
such as biotite or white mica (see also below) are 
consistent with with 
The whole-rock 3) shows that 
the MnO/(FeO+ MnO + MgO) ratios decrease from 
PRG 1 (VCA- 7 0 79 = 0 . 1  to PRG2 (AS P -
1 14= 0.03%), but increase during the 
lization of PRG3 (ASP- 1 1 1  = 0. 1  %), reaching their 
highest values in the late felsic (ASP-
1 PRG have the 
following Mn/(Fe+ Mn+ Mg) ratios (Table VCA-
7079= 0.37, ASP- 1 ASP- 1 1 1  and ASP-
1 1 2 = 0.38 .  Thus fractionation ofMn in as well as 
the proportion of that 1 )  is 
roughly controlled the evolving COlmposllt101n of the 
different granitic facies. 
The AIIV in the biotites of all facies 
of the Pefi6n Rosado granite strongly that their 
alumina contents were buffered equilibration with an 
AI-rich phase, under constant and 
pressure and the presence of and 
>"\>'", ........ ',,,..., white mica is consistent with a relatively Ah03-
enriched magma. Dahlquist et al. (2005b) and Clarke 
et aL AIIV contents in bio-
tites for other rocks with cor-
dierite or andalusite (Table The biotites have high 
for those in the more 
suggesting that the 
Fe was consumed during earlier crystallization. Remark­
ably, the early-crystallized PRG1 biotites have 
MnO contents to 1 Table 2d). NIiller and 
Stoddard (1 98 1 )  affmn that biotites coexisting with 
have higher NInO> 0.75%, than the 0.2 to 0.5% 
Ho.H.'-'V LJ. .... biotites without The 
lower MnO content for PRG2 and PRG3 biotites results 
'-'VU. Y '-'.LL "- .ll .L "- of NInO the biotites and 
Table 7 
Data used in the fractional crystallization mathematical model for the Peii6n Rosado granite 
Minerals Modal proportion K�!L K�IL K�IL K�!L K�IL K�!L K�!L K�IL K�!L K�!L 
(VCA-7079) (La) (Ce) (Nd) (Srn) (Eu) (Gd) (Tb) (Dy) (Yb) (Lu) 
Pl 0 .642 0 .30+ 0.35 0 .29# 0 .34 1 . 1 1 @  0 . 1 3# 0 . 1 4+ 0 . 1 3+ 0 .08* 0 .06* 
Qtz* 0 .249 0 .02 om 0 .02 0 .0 1  0 .06 0 .02 0 .02 0 .02 0 .02 0 .0 1  
Bt 0.054 7 .93 5 .93 3 .30 2 .65 2 .65 2 .52 2.3 9 2 .08 1 .80 2 .00 
Ms'" 0 .022 6 .04 7 . 1 1 1 0 . 8 1  6 .72 1 .89 4 . 1 9  5.50 2 .97 7 .25 7 .74 
Grt* 0.0 1 8  0 .39 0 .70 0 .60 2 .70 0 .52 1 0 . 50 1 1 .90 28.60 43 .48 39 .78 
Zrn* 0.003 1 6 .90 1 6 .75 1 3 .30 14 .40 1 6 .0 12 .00 37 .00 47.40 1 9 1 .00 264 .50 
La Ce Nd Srn Eu Gd Tb Dy Yb Lu 
Co 3 1 .44 64 .38 24 . 1 6  4 .68 l . l 6  3 .86 0.67 3 .95 3 .56 0 .6 1  
Results obtained from the fractional  crystallization mathematical model cl (concentration in ppm) 
La Ce Nd Srn Eu Gd Tb Dy Yb Lu 
WRL REE 3 1 .93 65.27 25.80 5 .09 l . l 1  4 .36  0 .72 4 .03 2 .57 0.4 1 
Calculated liquid et REE 3 1 .73 65. 1 8  26 .22 5 .40 l . l 6  4 .62 0.76 4 .03 2 .53 0 .39 
WR� REE 1 7 .40 36 .80 1 1 .00 1 .98 l . l 0  1 52 OAO 3 .83 6 .54 l . l 6 
Calculated solid Cs REE 25.07 50 .04 1 7 .22 3 . 04 1 .07 2 .5  0 .5  3 .70 4.2 1 0 . 7 1  
Equation describing fractional crystallization i s  the equation for Rayleigh fractionation: et = Co .pD 1
)
. 
co: the weight concentration in the parental melt is a mixing from 30% PRG 1 cumulate (VCA-7079) and 70% of fractionated melt PRG2 (ASP- l 08, 
ASP- 1 l4, and ASP-2 1 6  average). Data in Table 3 .  
D=bulk distribution coefficient o f  the fractionating assemblage during crystal fractionation= �XxKJ'IL, where X is the mineral proportion 
crystallizing from the parental magma, and �!L is the solid-liquid partition coefficient of phase i. X=modal proportions of VCA-7079 (Table 1 ) .  
F= weight fraction of melt produced in  fractional crystallization. F is  0 .55. 
WRLi= whole-rock liquid is the average composition of the PRG2 facies. Data in Table 3 .  
cL = weight concentration o f  a trace element "i" in the fractionated melt. 
WRsi=whole-rock solid is the composition ofVCA-7079 (pRGl facies). Data in Table 3 .  
q =weight concentration o f  a trace element "i" in cumulate crystallized. 
The partition coefficient for granitic liquids: data from *Rollinson (1 993, Table 4 . 1), � ash and Crecraft (1 985), "'du Bray ( 1 994),-N agasawa and 
Schnetzler ( 1 97 1), @Pujimaki et al. ( 1 984), and # Arth ( 1 976) . 
The petrographic and compositional characteristics 
of some of the Fe-rich white mica in the Pe:fion Rosado 
granite (Fig. 6) indicate a magmatic origin (1V[iller et aI . ,  
1 98 1 ;  Clarke et aI . ,  2005; Dahlquist et aI., 2005b) and 
are therefore indicative of a parental peraluminous 
magma. 
The patchy zoning of PRGl plagioclases is inter­
preted as due to resorption of early growth and infilling 
of the corroded regions by more sodic material (Vance, 
1 962; Anderson, 1 984). This is consistent (together with 
the field evidence and textural characteristics of the 
microcline described in Sections 3 .2  and 3 .3  respec­
tively) with the assumption that PRG 1 is an older, 
plagioc1ase-rich facies, segregated early from the 
parental magma and reheated during intrusion of the 
later facies. The oscillatory compositional zoning of 
plagioclase in PRG3 and late felsic dykes may indicate 
final shallow crystallization with cyclic changes in 
temperature and pressure accompanying convective 
overturn. Alkali feldspar is only conspicuously present 
in PRG3, strongly suggesting that this facies is a 
residual melt saturated in K20, whereas its absence in 
late felsic dykes suggests that K20 was mostly 
consumed during the earlier PRG3 crystallization. 
8.2. interpretation from whole-rock geochemical data 
Maj or element geochemical data indicate that the 
PRG2 facies represents a differentiated melt from a 
parental magma due to removal of material in PRG 1 .  
The latter facies has higher Ab03, CaO, Na20, MnO 
and lower FeOt, MgO, Ti02, P20S contents, consistent 
with plagioclase accumulation and crystallization of 
garnet with minor biotite-muscovite and apatite. PRG2 
has higher FeOt, MgO, Ti02, K20, and P20S consistent 
with crystallization of biotite along with muscovite, 
apatite, and felsic minerals. This facies represents a 
compositional inflexion between PRG 1 and PRG3, 
strongly suggesting the onset of crystallization of a new 
assemblage mineral. The fractional crystallization 
model supports a parental magma represented by a 
mixture 30% PRG 1 and 70% PRG2, where PRG 1 and 
PRG2 are early crystallized and differentiated melt 
respectively. PRG3 represents a late residual melt after 
total crystallization of the PRG2 facies, and is depleted 
in maj or oxides except for MnO and K20. Sample ASP-
1 1 2  is a late felsic dyke with plagioclase and garnet; the 
absence of alkali feldspar indicates that the K20 was 
consumed in PRG3. 
Table 8 
GeothermDbarometry for Pei\6n Rosado granite 
Pei\6n Rosado 
Cal ibrati on 
VCA-7079 
Mineral assemblageJZr 
concentration (ppm) 
Garn et bi otite 
GeothermDbarometry 
Temperature ("C) Pressure (kbar) 
784' Ganguly and Saxena (1 984) 
Hoisch (1 990) R2 model 
T\VQ Berman (1 991 )b 
Garnet biotite plagioclase quartz 
Garn et bi otite 792 
764 
5 .9±0. 1 
6.0 
Zircon saturation temperature (Tz,)" 1 l'F 
T P calculated by interaction. Temperature values calculated according to the calibrations of Ganguly and Saxena (1 984) are calculated until it 
satisfies the pressure obtained according to the calibration of Ho is ch (1990). 
Garnet composition from the average of 7 analysis: n�7, central zone of Grt, (Table 2c). 
Biotite composition from the average of 4 analysis: n�4, Table 2d. 
White mica composition from the average of 4 analysis: n�4, Table 2e. 
Plagioclase composition from the average of 4 analysis: n � 4, Table 22!-
, See uncertainty discussion in Ganguly and Saxena (1 984) and Anderson (1 996). 
b Activity composition model for garnet from Berman (1 990) and biotite from McMullin et al. (1 991). 
c Tz,� 12,900/[2.95+ 0.85 M+ m(476,000/Zrmcl')] , where D
z'.==nhncl'� (476,000/Zrmclt), is the ratio ofZr concentrations (ppm) in zircon to thatin 
the saturated melt; M is a compositional factor that accounts for dependence of zircon solubility on Si02 and peraluminosity of the melt [(Na+ K + 
2 '  Ca)/A1 ' Si), all in cation fraction]. Equation and Zr concentrations (ppm) in zircon (�476,000 ppm) from Miller et al. (2003). 
d Zirconium concentration from VCA-7079 (pRG1 facies), Table 3. 
Trace element concentrations in the different facies 
are coherent with the interpretations obtained from the 
major oxides. Thus, the change from low Ba in PRG 1 to 
higher Ba in PRG2 (Fig. 8) indicates the onset of biotite 
and muscovite crystallization, whereas the distinct com­
positional change between PRG2 and PRG3 supports a 
new fractionation trends resulting in abundant alkali feld­
spar crystallization (McCarthy and Robb, 1978; Rapela 
7 
6 
5 
4 
3 
2 
and Shaw, 1979), where ASP-2IS (Ba=60l ppm) is the 
flIst and ASP-I l l  (Ba= 170 ppm) is the last crystall ized. 
Rb, a typical incompatible element concentrated in resid­
ual melts, reaches its highest concentration in PRG3. 
The high Sr content in PRG 1 is coherent with the 
accumulation of plagioclase in this facies, and Sr contents 
decrease with differentiation from PRGl to PRG3. Zr 
content varies little between PRGI and PRG2, but 
20 
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Fig. 1 1 .  Simplified P T grid showing conditions of  metamDrphism and melt generation for the Pei\6n Rosado granite together with selected univariant 
reactions. Reaction 1 in the KFMASH system from Pattison and Tracy (1 99 1) and Vernon et al. (2001). Grt-SB: stability boundary for garnet according to 
Clemens and Wall (198 1). AhSiOs phase relations according to Guowei et al. ( 1 994). Triple point (530 DC±20 DC and 4.2 kb± 0.3 kb) according to 
Bohlen et al. (1991). Square ' 1  " haplogranitic water-saturated solidus. Reaction 2 for garnet crystallization is discussed in the text Bt�biotite, 
Sil �sillimanite, Qtz� quartz, Crd� cordierite, Grt�garnet, Kfs� alkali feldspar, And� andalusite, Ky�kyanite, M� melt, MAG�magmatic, 
MET�metamDrphic. 
decreases abruptly between PRG2 and PRG3, suggesting 
little crystallization of zircon in the residual melt 
Sawyer (1987), us ing mathematical modelling, 
suggested that REE patterns in different layers of 
migmatites may help to distinguish whether leuco­
somes represent pure melts or segregated cumulates. In 
addition, 10hannes et ai. (2003) have investigated 
metasedimentary migmatite and related small-scale S­
type granites and conclude that the chemical signature 
(e.g., REE patterns) can distinguish between felsic 
cumulates (represented by leucosome in migmatite) 
and differentiated or primary melts (represented by S­
type granites). The PRG2 facies has relatively high 
REE contents and negative Eu-anomalies (Fig. 12), 
similar to rocks interpreted as melt derived from 
migmatites, whereas PRG 1 has relatively low REE and 
positive Eu-anomalies, as in the corresponding cumu­
late material (Sawyer, 1987; 10hannes et ai., 2003). 
Thus, chemical signature and the fractional crystal­
lization model (using REE and major oxides) are fully 
consistent with a fractional crystallization process 
where PRG 1 represent a felsic cumulate and PRG2 a 
differentiated melt. 
Geochemical characteristics and isotopic ratios 
(Table 5) are consistent with derivation of the Peiion 
Rosado granite by partial melting of the metasedimen­
tary rocks. Sylvester (1998) argued that the CaOINa20 
mtios in S-type peraluminous granitoids are controlled 
by the original proportion of plagioclase in the source 
rock Thus, S-type pemluminous melts produced from 
clay-rich sources (plagioclase-poor) tend to have lower 
CaOINa20 ratios « 0.3) than melts derived from sources 
which are clay-poor (plagioclase-rich, CaOINa20 
ratios> 0.3). The CaOINa20 of 1.04 for the assumed 
parental melt of the Peiion Rosado granite (Table 6), 
together with the discrimination diagram of Sylvester 
(1998), indicates a clay-poor source such as metagrey­
wacke (Fig. 13). 
The CaO% content of the inferred parental melt is 
remarkably high (3.68%, Table 6). Experimental dehy­
dmtion melting of metagreywacke (Patiiio Douce and 
Beard, 1996) produced melts with CaO=0.73% to 
1.67%. However, because increasing H20 activity 
depresses the p lagioclase + quartz solidus more strongly 
than it depresses the stability of micas (patiiio Douce, 
1 996; Patiiio Douce and Harris, 1998), H20-fluxed 
melting consumes plagioclase more effectively than 
micas, increasing the CaO and the Na20 in the melt. In 
agreement with this, Holtz and 10hannes (1991) 
determined that with increasing amounts of H20 the 
melt becomes richer in CaO, FeO and Na20 and poorer in 
K20, and that CaOINa20 ratios increase progressively. 
These experimental data explain the high CaOINa20 
ratios and low K20 content in the hypothetical parental 
magma. Among dehydmtion reactions (e.g., Vielzeuf and 
Holloway, 1988; Patiiio Douce and Harris, 1998) only 
muscovite may undergo substantial dehydmtion at 
T< 800 QC (Miller et ai., 2003), and in consequence 
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and 6 kbar; cordierite, garnet and partial melt are the most important reaction products). Lower broken line is the REE pattern ofleucosomes in 
migmatites from Turlcu, which are interpreted as cumulates segregated from the primary melt The low normalized Tm and Ho values are due to 
analytical uncertainties (J ohannes et al., 2003). Other REE patterns of the migmatite leucosomes interpreted as cumulates are from Sawyer (1 987). 
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Fig. 13 .  Rb/Sr vs. RblBa diagram for strongly peraluminous graniloids 
modified from Sylvesler (1998). The dark fields, discontinuous line, 
and calculated melt are from Fig. 7 of Sylvester (1998). Geochemical 
data of the Thani Granite unit (cordierite-bearing graniloids) in iIle 
Sierra de Chepes from Dahlquisl et al. (2005b). PM-PRG�composi­
tion ofille assumed parental magma for the Peiion Rosado granite. 
muscovite must be abundant (e.g., pelitic source) for this 
to result in anatexis. However, the composition of the 
parental magma of Pen on Rosado granite is not consistent 
with a pelitic source, and it is more probably a result of 
H10-fluxed melting of metagreywacke. The crystal­
lization of the Penon Rosado granite (469 Ma) was 
almost synchronous with that of a major metaluminous 
suite emplaced during the Middle Ordovician (468 Ma; 
Pankhurst et al., 2000) in similar P T conditions 
(Dahlquist et al., 2006), suggesting that the latter may 
have been the cause of anatexis of the surrounding 
metasediments. The small exposed area of the Penon 
Rosado granite (only � 5% at Cerro Asperecito) relative 
to the metaluminous granitoids outcrops in this region 
implies that heat input from a major batholith was required 
in order to generate a small amount of peraluminous 
magma. 
9. Conclusions 
All available data, including field and petrographic 
relationships, mineral chemistry, bulk major and trace 
element compositions, and isotopic ratios support 
differentiation by fractional crystallization in the middle 
crust, including the crystallization of magmatic garnet 
The crystall ization sequence has three main stages re­
presented by the PRG1, PRG2 and PRG3 facies: PRGl 
represents a plagioclase-rich cumulate, PRG2 a differ­
entiated melt, and PRG3 a late residual melt. Mineral 
assemblages are PI and subordinate Qtz, Grt, Bt and Ms 
in PRG1, PI, Ms, Grt, Qtz±Kfs and major Bt in PRG2, 
and conspicuous Kfs in PRG3. Remarkably, garnet 
crystallized throughout the differentiation sequence of 
the Penon Rosado granite (Si01=65.70 74.57%). Its 
textural characteristics and chemical compositions 
indicate that it could have formed by direct nucleation 
and subsequent crystall ization from the peraluminous 
magma in equilibrium with solid phases such as biotite 
and white mica. Fractionation of Mn in garnet as well as 
the proportion of garnet that crystallizes is roughly 
controlled by the evolving composition of the different 
granitic fucies. Based in our garnet studies we confirm 
the fmding of previous garnet studies from metamorphic 
and felsic granites, that the zoning in garnet is strongly 
temperature-dependent. At magmatic temperatures 
above � 700 QC, the diffusion becomes sufficiently 
rapid to eliminate compositional zoning, typically pro­
ducing spessartine almandine garnets that are unzoned 
or have "spessartine inverse bell-shaped profiles". Con­
trarily, garnet housed in granitic rocks, but exhibiting 
"spessartine bell-shaped profile" must be considered of 
metamorphic origin (i.e., xenocrystic), or formed in very 
felsic magmas (Si01 = 73 76%) crystallizing below 
� 700 GC. In these cases geothermobarometric calcula­
tion is dangerous and should be used with caution. 
The parental magma of the Penon Rosado granite was 
derived from a plagioclase-rich metasedimentary source 
(metagreywacke) in the middle crust (� 19-20 km) 
under moderate-Iow magmatic temperature conditions. 
The parental magma resulted from H10-fluxed melting 
of metagreywacke, with the heat input coming from a 
major metaluminous suite that caused local anatexis of 
the surrounding metasediments. 
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